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Abstract
Although some clearance within the connections of machines is often necessary for as-
sembly and mobility, excessive clearances are undesirable because they cause impacts
and the loss of some kinematic precision. Impacts within the clearances of machines
can lead to serious degradation of system performance. In this thesis, a methodology
for detecting the clearance in the connecting rod big-end bearing of a reciprocating
machinery is presented. A reciprocating air compressor is used as a testbed. The
methodology is based on extracting diagnostic signals from vibration measurements
taken at a "convenient" location such as the crankshaft casing, and consists of a dy-
namic simulation, source identification, diagnostic signature recovery, and diagnostic
system decision-making.
A dynamic simulation that accurately predicts the timing and strength of bearing
impacts is presented. The model is based on a simple hydrodynamic bearing model
incorporated into a simple Impact Ring Model.
For the identification of sources, the short-time coherence functions are used to:
(1)- determine the time and frequency ranges over which the vibration measured on
the crankshaft casing is correlated with the bearing impacts; and (2)- extract the
component of vibration due to bearing impacts.
In the diagnostic signature recovery stage, the impulsive forces generated in the
connecting rod big-end bearing are recovered and used to determine the clearance.
Due to dispersion and reverberation, the vibration measurements taken at the crankshaft
casing is a distorted and delayed version of the impulsive source waveform. The time
of impact is obtained from the group delays of the damped allpass components of the
impulse and vibration responses; and the shape of the impulsive source waveform is
recovered from the vibration response by using a stable, causal, and robust inverse
filter that reduces the effects of dispersion and reverberation.
Three different bearing clearances are investigated and the results used to con-
struct a truth table which is a necessary tool for diagnostic system decision-making.
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Chapter 1
Introduction
In an effort to respond to market demands from customers, shareholders and boards of
directors, business has become relentlessly competitive. In order to be competitive,
manufacturers must produce their goods at lower cost. Thus most industries are
constantly looking for ways to reduce cost of production. This trend is likely to
continue in the future as competitors keep finding ways to better perform their tasks,
produce better products, and do so at lower cost.
Equipment reliability and low maintenance costs will go a long way in reducing cost
of production since predictive maintenance is a lot cheaper than maintenance after
some catastrophic failure has occurred (as the old saying goes "an ounce of prevention
is better than a pound of cure"). To be able to conduct preventive maintenance, there
has to be a system in place to monitor operating machinery and signal warnings
before failure can occur. This is condition monitoring as opposed to the more cost
effective diagnostics since the maintenance engineer will know precisely where the
problem is. If such a diagnostics system is in place, factory downtime will be reduced
considerably because the maintenance engineers will not have to waste time trying to
find out where the problem is. The work presented in this thesis will be a small part
of such a diagnostics monitoring system for any preventive maintenance routine.
The purpose of this project is to develop a non-invasive methodology based on
vibration measurements, for detecting and diagnosing faults in reciprocating machin-
ery. A reciprocating compressor is being used for this project and the fault being
diagnosed is excessive clearance in the connecting rod big-end bearings. Excessive
clearances in these bearings are likely to reduce system life, stability, and precision.
In order to avoid these undesirable effects, a method for detecting the clearances be-
fore they become excessive will be very useful in preventing catastrophic failures of
the connecting-rod. This study is for a single fault and as such, will form only a small
portion of an overall diagnostic system for detecting different faults in reciprocating
machinery.
1.1 Diagnostics of Rotary and Reciprocating Ma-
chines
In rotary machines, the sources of vibration are narrowband. Faults resulting from
these narrowband sources such as imbalance, misalignment, mechanical looseness,
rolling element bearing defects, gear defects, and electric motor faults can be examined
using existing techniques (traditional methods). These traditional fault detection
and signal enhancement diagnostics techniques are based almost exclusively in the
frequency domain. The analysis of the spectrum of vibration generated by these
sources are based on two overriding principles:
* the frequencies displayed determine the type of fault; and
* the amplitudes determine the severity of the fault.
Reciprocating machines are more complex and difficult to analyse than rotary ma-
chines from a vibration viewpoint because they have both rotating and reciprocating
parts (components). The standard techniques of harmonic analysis, level and peak
value measurement commonly applied to rotary machines cannot be used in the same
straight forward manner when applied to reciprocating machines. This is because
the various events in a reciprocating compressor, such as rod and piston movement
produce a series of highly transient forces within the machine. Piston slap or bearing
impacts, for example, generate force transients of short duration and broad frequency
content. These transients share the same fundamental repetition rate but occur at
different points during the machine cycle. Therefore, it is often more appropriate to
treat them on an individual basis, eventhough these events may be part of a machine
cycle, because more information is available from a single waveform during a cycle
than from averages over several cycles.
1.2 Testbed for the Project
The testbed for this project (already mentioned above), is the Ingersoll-Rand, two-
stage, air-cooled compressor (Model 40-BH, Serial No. 40T 54444) shown in Figure 1-
1. This particular compressor was chosen because it is small enough (4.0 ft by 3.67 ft
by 2.50 ft) to fit in our laboratory setting, yet is large enough to be easily instrumented
with accelerometers, and a shaft encoder. In the first stage (which takes places in
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Figure 1-1: Cutaway view of the Reciprocating Compressor used.
the low pressure cylinder), air is compressed from atmospheric pressure (14.7 psi)
to about 30 psi. This is accomplished by two 7 ½ inch diameter pistons, each with
2a 5 inch stroke. The compressed air then goes to the intercooler where it is cooled
a 5 inch stroke. The compressed air then goes to the intercooler where lit is cooled
and then passed onto the high pressure cylinder for further compression in the second
stage. The second stage is accomplished by a single 6 1 inch diameter piston, also with
a 5 inch stroke. The compressed air then passes through the discharge piping system
onto the storage tank which is equipped with valves that enable variable loading.
The rated operating speed of the compressor is 870 RPM, though the actual speed is
load-dependent.
1.2.1 Compression Cycle in the H.P. Cylinder
roke
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Figure 1-2: Typical PV diagram of the high pressure cylinder compression cycle.
The reciprocating air compressor uses automatic spring loaded valves that open only
when the proper pressure differential exists across the valve. Inlet valves open when
the pressure in the cylinder is slightly below the intake pressure. Discharge valves
open when the pressure in the cylinder is slightly above the discharge pressure.
When the piston is at BDC, the high pressure cylinder is full of air at inlet pressure
(30 psi). This corresponds to point 1 on the PV diagram shown in Figure 1-2. Both
inlet and discharge valves are closed. As the piston moves from the BDC towards
the TDC, the original volume of air in the high cylinder is reduced, thus increasing
the pressure. This is the compression stroke (point 1 to point 2). When the pressure
in the cylinder rises to a level slightly above the discharge pressure (100 psig), the
PIi
discharge valve opens. This corresponds to a point just beyond point 2. Compressed
air then flows out through the discharge valves to the storage tank (maintained at
100 psig). This is the discharge stroke and corresponds to the line from point 2 to
point 3.
When the piston reaches point 3, the discharge valve will close leaving the clear-
ance space filled with air at discharge pressure. As the piston moves from the TDC
towards the BDC, both inlet and discharge valves remain closed and the air trapped
in the clearance space increases in volume causing a reduction in pressure. This is the
expansion stroke (point 3 to point 4). When the pressure falls to a level slightly below
the inlet pressure at point 4, the inlet valves open and air flows into the cylinder until
the end of the reverse stroke at point 1 when the piston reaches the BDC. This is the
intake or suction stroke, and corresponds to the line from point 4 to point 1. At this
point, the inlet valves will close and the cycle will repeat on the next revolution of
the crank.
1.2.2 Uses of Air Compressors
Gas compression is important in many branches of industry. The original pressure
levels of the gas before compression, pressure rise and volumes handled may vary de-
pending on the particular application. Some of the purposes for compression include:
* To transmit power, as in compressed air system for operating pneumatic tools,
small engines, air hoists, and air lifting of liquids;
* To provide air for combustion, to transport and distribute gas, as in natural gas
pipelines, and city gas distribution systems;
* To circulate gas through a process or a system;
* To produce conditions more conducive to chemical reaction; and,
* To produce and maintain reduced pressure levels for many purposes, accom-
plished by removing from a system unwanted gases either leaking or flowing
into the system or initially present.
Reciprocating compressors are used exclusively on North Sea Oil platforms for gas
compression operations and are common in many other spheres of industry. They
also have long been part of portable compressors used in the quarrying, mining and
construction industries. Today, the most important employers of reciprocating com-
pression are the oil and gas industries wherein reciprocating machines are used to
pump gas from the well heads to the ultimate consumer. In such installations (oil
production installations in particular), the reliability of these gas compressors is of
paramount importance.
1.2.3 Faults and Failure Modes
Some of the common faults in reciprocating compressors include leaking valves, worn
or broken valve springs, leaking compression rings, obstructions of inlet and discharge
passage, and excessive clearances in bearings. These faults or defects are the results of
various events that occur inside the compressor. If these defects remain undetected,
serious damage can result leading to various different failures. For example, if leaking
valves, worn or broken valve springs, which are the result of valve impacts remain
undetected, serious damage to cylinder liners and/or piston assemblies can result from
valve debris entering the cylinder.
The failure modes in reciprocating compressors can be classified as either primary
failure and secondary failure (primary failure will comprise structural failure, flow
obstruction, and sealing loss whereas secondary failure will comprise cooling loss and
lubrication change); or catastrophic and fatal failures, catastrophic but non-fatal
failures, and progressive failures. For example, fatigue failure of a connecting rod
will be catastrophic and fatal failure, fatigue failure of valves will be catastrophic but
non-fatal, and ring wear will be a progressive failure.
Any bearing can be simply defined as a support or guide which at the same
time allows relative movement to take place between two bodies. In a reciprocating
compressor, the principal bearings are the roller bearings which allow rotation of the
crankshaft about its own longitudinal axis, and the journal bearings between the
connecting rod and crank arm. Our efforts in this project are centered on the journal
bearings fitted between the crank arm and the connecting rod, the crankpin being
supported in the bearing via an oil film. An unavoidable problem with these bearings
is the occurrence of clearances which are due primarily to manufacturing tolerances,
wear, and thermal effects. Some clearance is often necessary for assembly and mobility
but excessive clearance is undesirable because they cause impacts and loss of some
kinematic precision. The maximum allowable radial clearance for the connecting rod
big-end bearings recommended by the manufacturers in the maintenance intructions
manual [41] is 5 mils (10 mils diametral clearance). Bearing impacts could occur
for three reasons. First, the clearances permit mechanical elements to separate and
come into contact again sharply. Secondly, when the compressor is turned off, for
example, vibration of the crankpin within the bearing clearance can cause static
fretting. Thirdly, as the bearing clearance is increased, the theoretical load-carrying
capacity and hence the minimum oil film thickness is reduced. This could give rise to
bearing overload causing fatigue.
The impacts are noise generating and likely to accelerate wear (or deterioration)
of the contact surfaces and failure of the bearings. If undetected, then after a time,
failures will ultimately lead to catastrophic and fatal failure of the connecting rod
which is the important link converting the rotary motion of the crank to rectilinear
motion of piston thus enabling compression to take place.
1.3 Project Strategy
The most consistent finding in several theoretical [8] and experimental [12] studies
reported on bearing impacts is that the level of impact, by a variety of measures,
increases at an increasing rate with the magnitude of clearance. Since the timing and
strength of impacts in the conrod big-end bearing vary with clearance, the transient
forces due to bearing impacts will provide very useful information for estimating the
clearance of the bearing. Therefore, the necessary diagnostic signals are the timing
and strengths of impacts.
Generally, it is very rare for one to have direct access to source waveforms because
of the expense and reliability problems associated with the required instrumentation.
In this case, direct access to bearing impacts is impossible for two reasons. First,
bearing clearances are usually of the order of milli inches (mils). With such small
clearances one doesn't have enough room for installing force sensors. Secondly, even
if these force sensors could be installed, a large number will be required because the
impacts do not always occur at the same position on the bearing surface. The vibra-
tion that is generated by such a force is not a replica of the force, and its waveform
is further modified as the signal travels through the structure. Reverberation causes
distortions in the frequency structure and propagation delay of signals received by
transducers in a diagnostic system. Reducing the effect of reverberation is impor-
tant in improving the robustness of the waveform recovery process. This can be
accomplished by applying signal processing procedures such as cepstral smoothing
and minimum phase extraction [22].
The basic project strategy will be to accurately recover the timing and strength
of the bearing impacts since these will provide valuable diagnostics information. The
next step will then be to determine how these diagnostic signals vary with different
clearances so that we can formulate procedures for determining whether the connect-
ing rod bearing clearance is excessive or not. Methods for decision making that can
be used are truth tables and Multi-dimensional Bayesian likelihood methods. That
part of the procedure is not covered in this thesis.
1.4 Experiment
1.4.1 Instrumentation
Our instrumentation was concentrated on the high pressure cylinder. This is because
the high pressure cylinder offers the widest variety of operating conditions since it
is directly attached to the storage tank which can be loaded from 0 to 100 psig.
Figure 1-3 shows the various instrumentation locations on the high pressure cylinder
of the reciprocating compressor where measurements were made.
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Figure 1-3: Cutaway view of compressor showing the location of sensors.
Connecting Rod: Since we needed a good estimate of the bearing impacts for vali-
dating our diagnostic technique and it was not possible to measure the bearing impact
forces directly, the vibration of the connecting rod at the big-end was measured. This
is because the big-end is the closest we could get to the source (bearing impacts),
and the connecting rod vibrations can be used in conjunction with transfer function
measurements made on a nominally identical connecting rod to estimate the force.
See Appendix B for a description of how the bearing impact forces were estimated
from the connecting rod vibrations.
Signals from transducers attached to remote, inaccessible locations or in hostile
environments may be communicated to processing equipment by telemetry systems.
Our initial intention was to instrument the connecting rod with a telemetry but
we encountered problems with the one we bought. We then resorted to hard wiring.
Two accelerometers were mounted on the big-end of the connecting rod, each at 22.50
from either side of the connecting rod axis. The accelerometers were encoded with
silicone to protect them from the lubricating oil that splashes when the compressor is
P
running. The accelerometer cables were wrapped together and carefully attached to
the crankcase to avoid entanglement with either the dipper (dip stick) or the counter
weight as the crank arm rotates. We expected to, and did lose some cables. Figure 1-4
shows typical vibrations measured at the two points on the big-end of the connecting
rod. Two cycles of data are shown.
Crankshaft: An encoder was mounted on the crankshaft to measure the speed.
The shaft encoder was wired to provide a single pulse per revolution and requires
+5V of DC power. Typical signals from the crankshaft encoder for the corresponding
connecting rod vibrations are also shown in Figure 1-4.
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Figure 1-4: Two cycles of connecting rod vibrations and corresponding crankshaft
encoder signals for a radial bearing clearance of 2 mils. TDC = 0, BDC = 33.6 ms,
Period = 67.2 ms.
High Pressure Cylinder Wall: An accelerometer was mounted on the high pres-
sure (H.P.) cylinder wall to measure the vibration, and a pressure sensor was mounted
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inside the H.P. cylinder to measure the pressure variation. The cylinder wall vibra-
tion was measured to help in identifying piston slap vibrations. The cylinder pressure
on the otherhand, is one of the requirements in the simulation for this project (see
chapter 2). The H.P. cylinder pressure can be accurately predicted from the dynamic
simulation developed by McCarthy [26]. Therefore, the cylinder pressure measure-
ment was not necessary but we wanted to reduce the number of required variables
and save computer time in the simulation stage of this project. Figure 1-5 shows
typical high pressure cylinder wall vibrations and the corresponding cylinder pressure
for two cycles of compressor operation.
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Figure 1-5: Two cycles of typical vibrations of H.P. cylinder wall and the correspond-
ing cylinder pressure for a radial bearing clearance of 2 mils. TDC = 0, BDC = 33.6
ms, Period = 67.2 ms.
Crankshaft Casing (crankcase): An accelerometer was installed on the crankshaft
casing. This is the non-invasive measurement to be used for extracting diagnostic sig-
nals. The location of the vibration measurement on the crankcase is an important
decision which affects the signal-to-noise ratio (SNR). In this thesis, we are interested
in crankcase vibrations due to impacts at the connecting rod big-end bearings. There-
fore, vibrations from other sources such as valve impacts, piston slap, and pressure
discontinuities are considered as noise. The crankcase (crankshaft casing) vibration
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was measured at a point that was most sensitive to bearing impacts but far away
from the valves and cylinder wall. In selecting a spot that was most sensitive to
transients due to bearing impacts, the compressor was excited at various locations
and the resulting vibration of the big-end measured. The location of excitation with
the strongest response was then selected for crankcase vibration measurement. The
accelerometer was mounted on the fastening bolt nearest to our selected spot on the
crankcase. This is because the bolt provided a large enough area for mounting a
stud thus making it possible for the accelerometer to be firmly mounted on the struc-
ture. Figure 1-6 shows typical crankcase vibration measurements for two cycles of
compressor operation.
Crankshaft Casing (Crankcase) Vibration for 2 mils radial clearance
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Figure 1-6: Two cycles of crankshaft casing vibrations for a radial bearing clearance
of 2 mils. TDC = 0, BDC = 33.6 ms, Period = 67.2 ms.
1.4.2 Experimental Procedure
Figure 1-7 shows the experimental setup and data acquisition system. A list of
the required measurement equipment and other supplies is shown in Table 1 of ap-
pendix A. The signals from the piezoelectric pressure transducer, and accelerometers
were passed through charge amplifiers before connecting them to a multiple channel
recorder whereas the output from the shaft encoder was connected directly to the
recorder.
The experimental procedure consisted of two stages. The first or data measure-
ment stage was for recording data on tape, and the second stage was for sampling
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Figure 1-7: Experimental setup and data acquisition system.
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and analyzing the data. We expected the cables from the accelerometers on the
connecting rod to fail after a few minutes, so our objective in the first stage was
to record as much data on tape as was possible. The recorder was set to recording
before the compressor was turned on and stopped only after the cables had failed
and the compressor turned off. Recording data on tape has the added advantage
that in the second stage, the data can be sampled at various sampling rates. In the
second or data analysis stage, the data was filtered with a cuttoff frequency of 8 kHz
using anti-aliasing filters, sampled at a rate of 20.48 kHz (to avoid aliasing), and
then stored in the Concurrent using the Lab Workbench software. The data stored
in the Concurrent was then converted to MATLAB format using SIMUC (simulation
using C) simulation program [2]. The file transfer program (FTP) was then used to
transfer the data from the Concurrent over the network to an ATHENA workstation
for further analysis.
1.5 Thesis Overview
Since the objective of this thesis is to present an overall non-invasive methodology
for diagnosing excessive clearance in the connecting rod big-end bearing, the chap-
ters ahead try to present the various parts of this methodology. The thesis is thus
organized as follows.
In chapter 2, a dynamic model for simulating the fault is presented. The model
used for simulating the connecting rod big-end bearing with clearance is the simple
Impact Ring Model (IRM) developed by Dubowsky et al. [9] for studying pin joint
clearance connections. Since the Impact Ring Model was developed for studying
unlubricated joints, minor modifications have been made to include lubrication effects.
Different clearances vwill then be introduced to the model, and the corresponding
times and strengths of impact determined. The dynamic model will be validated
using experimental data: the modeling parameters will be revised until there is good
agreement between the predicted impact times and those we estimate experimentally.
In chapter 3, a procedure for isolating the crankshaft casing (crankcase) vibration
due to bearing impacts from that due to other sources is presented. This is achieved
by means of the short-time coherence functions developed by McCarthy [25, 26].
In chapter 4, the procedure or technique used for recovering diagnostic signature
from the crankshaft casing vibration is presented. In order to successfully recover
the diagnostic signature, a good estimate of when impacts are expected to occur is
necessary. Such an estimate can be obtained from the dynamic simulation to be
presented in chapter 2. An example of a complete recovery procedure for a radial
bearing clearance of 3 mils is presented, and a summary of the results obtained for
both 2 mils and 3 mils radial bearing clearance is also presented.
Finally in chapter 5, the truth table for diagnosing excessive clearance in the
connecting rod big-end bearing is constructed. Also presented in chapter 5 is the
procedure for predicting excessive clearances in the connecting rod big-end bearings
and how this study can be incorporated in an automated diagnostic system in an
industrial setting.
Chapter 2
Dynamic Simulation
Dynamic simulation can be an integral part of any diagnostics system as a decision
verification tool (for verifying diagnostic decisions), and for source identification. It
offers a unique advantage in that it gives the diagnostic engineer a better under-
standing of the fault being investigated. If we can model the variation of a diagnostic
signal with various faults in a machine, we will be able to improve the reliability of
our diagnostic system because we will have an extra tool for verifying our decisions.
Dynamic simulation can also help in source identification in that it helps locate the
area of interest for diagnostic purposes especially in a system with several sources
that contribute to the response.
For the diagnostics of connecting rod big-end bearing clearance, it was shown in
the previous chapter that the diagnostic signal we are interested in are the timing and
strengths of the bearing impacts. In this chapter, a dynamic model for predicting
these impacts for various operating conditions of the compressor is presented. To
further establish confidence in our model, estimates of the actual diagnostic signals
(information that will not be known in a diagnostic system) are used to improve the
model.
2.1 Model for Predicting Bearing Impacts
2.1.1 Selection of Simulation Technique
Numerous theoretical simulations of 2-dimensional motion during contact at revo-
lute joints have been reported by various researchers that have studied the dynamic
performance of mechanisms with clearances.
Earles and Wu [12] suggested a technique in which the routine inertial force anal-
ysis assuming rigid members and perfect connections could be used to predict loss
of contact. From that study, they concluded that contact (and hence impacts) can
be predicted solely from the ratio of the rate of change of direction of the nominal
bearing force to its magnitude. The implication of the conclusion from that study
(that the size of clearance plays no part in the mechanism of separation) has been
contradicted by many other studies which have successfully shown that mechanism
kinematics, mechanical properties, speeds, bearing clearances and characteristics, all
play interacting roles in the occurrence of contact separation.
Townsend and Mansour [39, 40] presented a two-mode model based on the momentum-
exchange principle and an assumed "coefficient of restitution". The model ignored
the motion-in-contact mode entirely, so that it was represented in practice by a close
succession of small impacts. Miedema and Mansour [27] later extended this model to
include a third-mode to make it more representative of the dynamics involved. The
problem with this simulation approach is that a (non-zero) coefficient of restitution
model is used to simulate impact. This implies that a non-zero rebound velocity is
always obtained, so restoration of a continuous contact is never directly predicted,
although experiments show that it certainly occurs.
The dynamic simulation model proposed by Dubowsky [6, 7, 10] has been adapted
here for the following two main reasons. Firstly, it treats the effect of clearance
as a small order perturbation of the ideal kinematic motion (since it assumes that
the clearance and radial deformation 6 of the surfaces at the point of contact are
very small compared with the gross motion). This assumption is justified because
clearances are typically at least three orders of magnitude smaller than link lengths.
Secondly, greater accuracy and computational efficiency are made possible by the
relative analytical simplicity of the model.
2.1.2 Overview of Simulation Strategy
The goal of the model described in the ensuing sections is to predict first and foremost
whether impacts do occur in the connecting rod big-end bearing of a reciprocating
compressor for various clearances. If impacts do occur, the model will predict when
they occur and the impact levels. The model assumes rigid links that deflect as Euler
beams, and rigid bearing surfaces.
Despite the fact that there are multiple link joints with clearance in the mecha-
nism, the strategy is to study one clearance at a time neglecting the clearances at
other link joints. If the clearances at the other joints introduce significant phenomena
that cannot be predicted from such a study of one clearance at a time, then some
modifications will be needed. However, a study reported by Earles and Kilicay [14] in
which they recorded accelerations on a special linkage with clearances at two revolute
joints, found no evidence of contact loss at one being affected by the other. There-
fore, our stategy which reduces to an investigation of the crank-slider mechanism with
clearance as a significant factor only in the big-end bearing is a valid one.
2.1.3 Model for Bearing Clearance
The big-end bearing in the connecting rod-crank arm joint of a reciprocating compres-
sor is a hydrodynamically lubricated journal bearing. Therefore, the big-end bearing
can be accurately modeled as a revolute joint using an Impact Ring Model (IRM)
which is composed of a cylindrical pin inside a slightly larger cylindrical ring (see
Figure 2-1). The pin models the journal (crankpin) and the ring models the bushing.
Although the IRM is a simple model, it contains the essence of the nonlinear planar
dynamic characteristics of systems with clearances, and leads to an understanding of
the impact phenomena. The coordinate frames for the IRM are shown in Figure 2-2.
RING
DDY 2)
0Oz
Figure 2-1: Impact Ring Model (IRM).
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Figure 2-2: Coordinate Frames of the Impact Ring Model (IRM).
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* 01, 02 are the centers of bushing and journal (crankpin) respectively
* OXY is an inertially fixed frame of reference
* Oixy is a movable, non-rotating frame
* c = Rbuhig- Riournal is the radial clearance of the bearing
* 77 is the relative displacement of the journal (crankpin) with
bushing in the normal direction
* i is the relative velocity of the journal (crankpin) with respect
in the normal direction
* r is the relative displacement of the journal (crankpin) with
bushing in the tangential direction
* i- is the relative velocity of the journal (crankpin) with respect
in the tangential direction
respect to the
to the bushing
respect to the
to the bushing
* X, y, 7, and 6, are unit vectors in the horizontal, vertical, normal, and tan-
gential directions respectively.
components of the relative displacements, and relative velocities in the normal
tangential directions can be obtained from the components in the inertial frame
Figure 2-2) by using the following coordinate transformation:
7 i cos sin iV
= -sin7 cosP L
Xjournal - Xbushing
Yjourn.al - Ytbushing
Xjournal - Xbushing (2.1)
ioua-i- (2.1)Yjoural bshin
where
= arctan ournal 
Jbushing
[Xiournal - Xbushing]
In this model, the radial clearance is assumed small compared to the other dimensions
of the system; and the misalignments between the pin (journal) and ring (bushing) are
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not considered, and hence the contact is assumed to be confined to a narrow rectan-
gular area perpendicular to the IRM's plane of motion. There are four different pos-
sible modes or phases of motion: motion-across-the-clearance, impact-and-rebound,
motion-in-contact, and restoration-of-contact. They are modeled as shown below.
Motion-across-the-clearance mode: (1r7 - c) < 0
This mode represents the relative motion across the clearance circle up to an impact.
The purpose of simulating this phase is to predict the velocity and angle of approach
at the end of the phase, and thus the severity of the ensuing impact.
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Figure 2-3: Simple Hydrodynamic Bearing Model to account for Lubrication.
A simple hydrodynamic bearing model consisting of a spring and dashpot in par-
allel (see Figure 2-3) is used to simulate the elasticity (compressibility effects) and
damping respectively of the lubricating oil. This model is based on the comparison
of the equation of motion of a sustained vibrating system and the differential equa-
tion for the eccentricity of a nonrotating journal bearing subjected to a fluctuating
load. From hydrodynamic theory [33], it can be shown that for a nonrotating journal
bearing subjected to a fluctuating load, P(t), the eccentricity satisfies the differential
equation:
Miý + Cil + K1r7 = P(t) (2.2)
where
* q is the eccentricity
* M is the mass associated with the journal
* K1 = Koi is the compressibility of the lubricant
* C1 is the damping coefficient of the lubricant and is given by:
C, 121rpL -T) 1C=  () (1 - (2)2 2
* c is the radial clearance of the journal bearing
* r is the radius of the journal
* Ljournai is the length of the journal
* [ is the viscosity of the lubricant
* P(t) is the fluctuating load on the nonrotating journal bearing
From the differential equation, the spring constant for the model is given by the
compressibility of the lubricant, and the damping coefficient is not a constant but
a function of the eccentricity of the journal. The forces acting on the bearing are
assumed normal to the surface. Therefore, the bearing force in this mode, Fbearing, is
given by:
Fbearing = [-K 1 (77 - c) + COiý] e, (2.3)
where
* K 1 = Koil the compressibility of the lubricant
* C1 is the damping coefficient and is given by:
C, =127riL(r) ( 1
C = 1 xL -C J
* e, is the unit vector in the direction normal to the bearing surface.
Impact-and-rebound mode
This mode represents interaction during the period of impact, and subsequent re-
bound. Ideally, a theory of the impact and rebound stage should be able to predict
the components of the rebound velocity, the frequency content of the impulse gener-
ated, and the peak stress at the contact region. The impacts that occur in connecting
rod bearings is between highly conformable surfaces, at low approach speeds (because
of small clearance) and arbitrary approach angles. It has been argued [8] that in such
impacts (between conformable surfaces at low approach speeds), the energy loss at
impact is likely to be associated with material damping (rather than micro-plastic
deformation). This suggests a "Kelvin-Voigt" model (spring and damper in parallel)
for the contacting surfaces (see Figure 2-4). Therefore, the force between the pin and
the ring during contact is determined by modeling the contact area as a linearized
Hertzian compliance and a linearized material damping element. This force which
is equivalent to the contact force between the crankpin (journal) and the bushing is
assumed to be normal to the plane of contact.
Figure 2-4: Spring-dashpot model for normal contact compliance and damping.
The contact force between the crankpin (journal) and bushing in this mode,
Fbearing, is given by:
Fbearing = [-K 2 (r7 - c) + C2A1] n (2.4)
where
* K 2 is the linearized Hertzian contact spring constant,
* C 2 is the linearized material viscous damping coefficient
* e, is the unit vector in the direction normal to the bearing surface.
Motion-in-contact mode: (17/| - c) > 0
This mode represents the relative motion around the "clearance circle" up to the
point where contact is lost. Viscous and coulomb sliding friction are assumed to exist
during contact between the pin and the ring in the tangential direction (see Figure 2-
5). Support for the dissipative damping model assumed was provided by Morita,
Furuhashi, and Matsuura [18]. The contact force between the crankpin (journal) and
bushing in this mode has both a normal component and a tangential component.
Figure 2-5: Model for Tangential Viscous and Coulomb Friction.
The normal contact force between the crankpin (journal) and bushing in this
mode, Fcontact, is given by:
Fontact = [-K 2(- c) + C2 ] n (2.5)
where
* K2 is the linearized Hertzian contact spring constant,
* C2 is the linearized material viscous damping coefficient
* en is the unit vector in the direction normal to the bearing surface.
The sliding frictional force between the crankpin (journal) and bushing in this mode,
Fsliding, is given by:
V1FAliding = Pc Fcontact I - cV , ] (2.6)
where
* •c, is the coefficient of static friction between the crankpin (journal) and bush-
ing,
SC,, is the coefficient of viscous friction between the crankpin (journal) and
bushing,
* Vt is the relative sliding velocity between the crankpin (journal) and bushing
and is given by: Vt = i + Vtjournal - Vtbushing
- Vt journal is the velocity of the crankpin (journal) in the tangential direction
- Vt bushing is the velocity of the bushing in the tangential direction
* et is the unit vector in the direction tangent to the bearing surface.
Combining Equations 2.5 and 2.6, the bearing force in this mode is given by:
Fbearing = Fcontact + F8liding (2.7)
Restoration-of-contact mode
This mode represents the restoration of lasting contact after any rebound. Though
no explicit coefficient of restitution has been selected, Tatara [18] showed (though in
a different context) that the spring-damper model implies a coefficient of restitution
that varies with the effective external force present at the point of impact.
Section Summary
The components of the bearing force in the inertial frame (see Figure 2-2) can be
obtained from the components in the normal and tangential directions by the following
transformation:
FXbearing [cos
Fy bearing sin
- sin b
COS
Fnbearing
Ftbearing
(2.8)
* The bushing surface compression = 177 - c
* contact is maintained when (171 - c) > 0
* contact is lost when (171 - c) < 0
* impacts will occur when the surface compression changes sign from negative to
positive
* Horizontal component of the bearing force is given by:
FXbearing = [-K(7 - c) + CdAI] cosP + •c I-K(7 - c) +
* Vertical component of the bearing force is given by:
Fybearing = [-K(7 - c) + Cd?] sin - [c I-K(7- c) +
CdV CvVt sin V
(2.9)
CdI ii - CvV cos
(2.10)
where the values for K, Cd, pc, and C, depend on the applicable mode as follows:
* Motion-across-the-clearance mode: K = K1, Cd = C1, I•c = 0, and C, = 0
* Impact-and-rebound mode: K = K2 , Cd = C2 , ILc = 0, and C, = 0
* Motion-in-contact mode: K = K2 , Cd = C2, jc = c,, and Cv = C,,8
2.2 Dynamic Model and Equations of Motion
Figure 2-6 is a line diagram showing the main components of the model. The links
in the crank-slider mechanism (crank arm, connecting rod, and piston) are treated
as a series of rigid bodies. Except for the crank arm-connecting rod joint where
the bearing is located, the other links are assumed to have no clearance. Elastic
compliances within the mechanism are treated as additional joints between effective
rigid bodies. The model includes applied forces at the center of gravity of each link
Connecting Rod
Piston
X.
Figure 2-6: Line
Crankshaft I
Cylinder Wall
diagram representing crank-slider mechanism with clearance.
to account for the externally applied forces such as those produced by gravity. The
equations of motion relating the accelerations to the applied forces and moments
are obtained for each link. These equations are then combined with the nonlinear
constraint equations imposed by the connections to form a set of differential equations
which are then solved for the motion of the mechanism.
A • •
2.2.1 Piston (Slider)
Equations of Motion for Piston (Slider)
gravity
X
piston
Figure 2-7: Free-Body diagram of piston.
Summing forces on the piston, shown in Figure 2-7, in the x-direction and equating
the result to the product of the piston mass and the x-component of acceleration
yields
MpistonJpiston = -FX conrod - Fxpiston - Fgas - Wpiston (2.11)
where Wpiston is the weight of the piston, and Fgas is the force exerted by the com-
pressed air on the piston.
Constraint Equations for Piston Motion
The motion of the center of gravity of the piston is constrained to move in the x-
direction only (i.e. no motion in the y-direction since we are assuming there is no
clearance at the piston-cylinder wall joint). This implies that there is no motion
in the y-direction and no rotational motion, resulting respectively in the constraint
equations
Piston = 0 (2.12)
and
6piston = 0 (2.13)
Considering both viscous and coulomb friction at the cylinder walls, the resultant
force on the piston is given by
Fxpiton =- CvXpiston - Cc Xiston
Xpiston
(2.14)
where
* C,, is the coefficient of viscous friction between the piston and cylinder wall
* C, is the coefficient of static friction between the piston and cylinder wall
2.2.2 Connecting Rod
Equations of Motion for Connecting Rod
The connecting rod experiences combined linear and angular motion, and experiences
effects from both dynamic influences. Summing forces on the connecting rod, shown
y
x
gravity
gravity
F"
conrodFigure 2-8: Free-Body diagram of connecting rod.
in Figure 2-8, in the horizontal and vertical directions, and then equating the results
to the product of the connecting rod mass and their respective horizontal and vertical
components of acceleration, yields
MconrodXconrod = - Fpbearing + Fconrod - Wconrod
and
MconrodYconrod = -Fbearing + FYconrod
Summing torques about the connecting rod center of gravity results in:
(2.15)
(2.16)
- Jconrod =- FXbearingL- sin + F YbearingL - cos 0 + FxconrodL+ sin q + F/conrodL+ cos 0
(2.17)
where Wconrod is the weight of the connecting rod, and Jconrod is the mass moment of
inertia of the connecting rod about its center of gravity.
Constraint Equations for Connecting Rod
The motion of the center of gravity of the connecting rod must satisfy the following
constraints
Xcanrod = Xpiston - L + cos (2.18)
and
Yconrod - Ypi s ton + L+ sin 0 (2.19)
2.2.3 Bearing Constraints
The displacements, velocities , accelerations, and forces are related by nonlinear con-
straints imposed by the connections.
Constraint Equations for the Journal (Crankpin)
The x and y components of the position of the center of gravity of the journal are
given as follows
(2.20)Xiournal = R cos 0
and
Yjournai = R sin 0 (2.21)
where R is the radius of the crank arm.
Constraint Equations for the Bushing
The x and y components of the position of the center of gravity of the bushings are
given as follows
Xbushing =- Xpiston - L cos q (2.22)
and
Ybushing = Ypiston + L sin € (2.23)
where L = L- + L + is the length of the connecting rod.
2.2.4 Differential Equations and Solution Technique
Differentiating Equation 2.18 twice, substituting the result into Equation 2.15, and
then rearranging gives
MconrodXpiston+MconrodL+ sin Fconrod = -Fxbearing - mConrodL cos -Wonrod
(2.24)
Rearranging Equation 2.17 gives
Jconrod4 + FaconrodL+ sin + FyconrodL+ cos 0 - -FXbearingL - sin - FybearingL- cos
(2.25)
Substituting Equation 2.14 into Equation 2.11 and rearranging gives
Mpistonpiston Fxconrod CvX ton + C Xpiston-F Fga - Wpiston
Xpiston
(2.26)
Substituting the second derivative of Equation 2.12 into the second derivative of
Equation 2.19, and then substituting the result into Equation 2.16 and rearranging
gives
MconrodL+ cos O - Fyconrod - -Fybearing + MconrodL+ 2 sin ¢ (2.27)
Writing Equations 2.24 - 2.27 in matrix format gives a set of simultaneous, time
dependent, non-linear differential equations with variable coefficients of the form
[D] I = E
where
S(D is a column vector composed of accelerations and forces
piston
Fxconrod
fYconrod
(2.28)
* [D] is a 4x4 matrix, the elements of which contain combinations of the physical
parameters of the mechanism, velocities, and positions
[D] =
Mconrod
0
Mpiston
0
MconrodL + sin
Jconrod
0
MconrodL+ cos
-1
L + sin
1
0
0
L+ cos
0
-1
* E is a column vector, also containing combinations of the physical parameters
of the mechanism, velocities, and positions
-FXbearing - MconrodL+ 2 cos - Wconrod
-FXbearingL - sin - FybearingL- cos 4
vrpiston -c M Fgas Wpiston
-Fybearing + IconroddL+ 2 sin
(D =
E =
where the components of bearing force Fzbearing and FUbearing, are obtained from
Equations 2.9 and 2.10 respectively.
The motions of the mechanism as a function of time are obtained by solving
Equation 2.28 for the system accelerations, P(t) = [D]-'E, and then intergrating
the accelerations numerically using any appropriate numerical technique to yield the
velocities and positions. In this thesis, Predictor-Corrector methods ("PEC" schemes)
have been used for the numerical integration. Forward Euler (an explicit scheme) was
used for the Predictor and Crank-Nicolson (an implicit and A-stable scheme) was used
for the corrector. Other explicit schemes can be used for the Predictor, and other
implicit and A-stable schemes can be used for the Corrector
2.2.5 Simulation Procedure and Results
The information necessary for running this simulation are
* speed of compressor (constant speed for our case)
* surface compliances among other parameters
* initial conditions
* cylinder pressure
Compressor Speed: The compressor speed was obtained from the shaft encoder
signals. It depends on the loading of the compressor i.e. the pressure in the storage
tank. In taking experimental data, the storage tank pressure was maintained at about
100 psig. However, due to minor fluctuations about this constant tank pressure, the
compressor speed was always within 893 ± 0.5 rpm which is constant for all intends
and purposes. Therefore, our assumption of constant speed is a valid one.
Surface Compliances: The initial value used for the stiffness was calculated us-
ing a linearized Hertzian Contact analysis [8], and the initial value for the damping
1See [35] for more details on the selection of numerical schemes.
coefficient was determined by an assumed damping ratio, an equivalent beam mass,
and the calculated contact stiffness. These initial estimates were then tuned so that
the results were reasonably close to the mean of the actual values. Experimental
measurements of these compliances will be the actual procedure for obtaining these
parameters. The lubricant was assumed to be incompressible, and the viscosity of
SAE 40 oil at 400 C was used. The parameters used to obtain the results discussed
in this thesis are shown in Table 2.1.
Compressor Parameters Compressor Parameters Compliances
w = 93.5753 rad/s Monrod= 3.856 kg Koi0  = 0.001 N/m
R = 0.0635 m Jconod = 0.04 kgm 2  I = 0.039 Pa s
Rjournat = 0.04446 m L = 0.3175 m K 2 = 4.62. 106 N/m
Ljournai = 0.0365 m L + = 0.2521 m 02 = 20.0 Ns/m
Mpiston = 8.3064 kg L- = 0.0654 m CV = Pcs = 0
Dpiston = 0.15875 m CV = Cc = 0
Table 2.1: Table showing the parameters used in dynamic simulation.
Initial Conditions: The time t=0 corresponds to the top dead center position,
TDC. At TDC the connecting rod may be tilted to an angle. So the actual initial
position of the connecting rod is not known. However, for starting the simulation, the
connecting rod was assumed to be horizontal with the crankpin (journal) just touching
the bearing surface (i.e. surface compression equal to zero). The simulation was run
until steady-state conditions were obtained at which point the crankpin (journal)
comes back to its initial position at the end of the cycle with the same velocity i.e.
the position and slope are equal at the beginning and end of each cycle when steady-
state conditions are attained. Different initial conditions were also tried. The results
in all the cases considered showed that the steady-state response was independent of
the initial conditions chosen. Since we are interested in the steady-state response, any
feasible initial condition can be chosen to start the simulation. One does not have to
know the initial conditions in order to obtain the steady-state response which is our
goal. The only difference will be in the time it takes to reach steady-state.
Cylinder Pressure: The cylinder pressure used for this simulation was the ac-
tual cylinder pressure measured with a pressure sensor. The measurement of the
cylinder pressure was not necessary because it can be accurately predicted from the
dynamic simulation developed by McCarthy [26] using SIMUC. However, we have
used experimentally determined values for the cylinder pressure in this thesis to re-
duce computation time, and the number of parameters involved in our simulation.
Simulation Results
The results of interest in our simulation are the number of impacts, the time of
occurrence and strength of these impacts. Figures 2-9, 2-10, and 2-11 show the
simulation results for the three different cases of bearing clearance investigated. The
plots show the variation with time of the position of the center of the crankpin
(journal) relative to the position of the center of the bushing which is equal to the
surface compression (JqJ - c). When the surface compression goes negative, contact is
lost and when it goes positive, contact is restored. With such a representation, impact
will occur only when the surface compression changes from negative to positive.
1 rmil radial bearing clearance: This corresponds to the nominal bearing clear-
ance. Figure 2-9 shows the surface compression for 10 compressor cycles by which
time the system has reached steady-state conditions. Because the surface compres-
sion (1 - c) never goes negative, it can be concluded that the crankpin (journal)
and bushing stay in contact throughout the cycle at steady-state. Since there is no
contact loss, impacts will not occur. After an initial period of transient separation the
system elements remain in contact. This prediction from the simulation agrees with
our observation from the experiment. Therefore, when the compressor is operating
with nominal bearing clearance, the crankpin and bushing stay in contact throughout
the cycle at steady-state and there are no impacts.
System Response for 1 mil radial bearing clearance (10 cycles)
1
Time [ms]
Figure 2-9: Simulation Results: Variation of surface compression (1 1 - c) for nominal
bearing clearance (1 mil radial clearance). TDC = 0, BDC = 33.6, Period = 67.2 ms.
2 mils radial bearing clearance: This corresponds to an excessive radial bearing
clearance of 1 mil. Figure 2-10 shows the locations of the impacts within the cycle for
the case of 2 mils radial bearing clearance. Loss of contact (surface compression (171
- c) goes negative) occurs twice in a given cycle at steady-state conditions. Impacts
(surface compression (IqJ - c) goes from negative to positive) occur twice as contact
between the crankpin and bushing was being restored.
3 mils radial bearing clearance: This corresponds to an excessive radial bearing
clearance of 2 mils. Figure 2-11 shows the locations of the impacts within the cycle for
the case of 3 mils radial bearing clearance. Loss of contact (surface compression (171
- c) goes negative) occurs twice in a given cycle at steady-state conditions. Impacts
occur twice as contact between the crankpin and bushing was being restored.
Conclusion: The simulation results in Figures 2-9, 2-10, and 2-11 show a sub-
harmonic behavior which will not be found in a linear system. Before steady-state
conditions are reached, the number of impacts vary from cycle to cycle. This can
be explained using the results from the work done by Pengyun [30] in which he in-
vestigated the slider-crank mechanism with clearance at the slider joint. From the
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Figure 2-10: Simulation Results: Variation of surface compression (171 - c) for 10
compression cycles and Steady-State response for radial bearing clearance of 2 mils.
TDC = 0, BDC = 33.6, Period = 67.2 ms.
-E. 4
0
-2
O
C
System Response for 3 mils radial bearing clearance (10 cycles)
100
Steady-State
200 300 400 500 600
Time [ms]
Response for 3 mils radial bearing clearance (1 cycle)
0 . .2
0 10 20 30 40 50 60Time [ms]
Figure 2-11: Simulation Results: Variation of surface compression (17 - c) for 10
compression cycles and Steady-State response for radial bearing clearance of 3 mils.
TDC = 0, BDC = 33.6, Period = 67.2 ms.
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conclusion of that study and several others, such subharmonic behavior is real because
the system is nonlinear and thus can exhibit chaotic behavior. A fundamental char-
acteristic of a machine's chaotic behavior is that the values of response parameters
change irregularly from one operating cycle to another.
In summarizing, the simulation results show that at steady-state, impacts do not
occur when the compressor is operating with a nominal bearing clearance of 1 mil
whereas two impacts do occur in every compressor cycle when the radial bearing
clearance is increased to 2 mils and 3 mils. The location of the impact within the
cycle changes with the clearance. Table 2.2 is a summary of the simulation results
compared with the actual results from experiments. The simulation and experimental
results show that the time spread between impacts is wider for a 3 mils radial bearing
clearance than for a 2 mils radial bearing clearance. This is because a larger clearance
provides a wider distributed region for impacts to occur. The predictions of impact
time from the simulation were within +0.5 ms of the actual experimental estimates.
As will be discussed in chapter 4, when selecting the portion of data in a cycle to
be windowed for timing recovery using the time estimates from the simulation, the
error involved has to be taken into account. The simulation predictions of the impact
strengths were off but the general trend of the impact strengths were accurately
predicted.
RADIAL BEARING FIRST SECOND
CLEARANCE IMPACT IMPACT
2 mils Time (ms) Simulation 6.45 10.99
Actual 6.95 10.80
Force (N) Simulation 167.91 270.78
Actual 106.50 239.91
3 mils Time (ms) Simulation 6.98 16.95
Actual 6.70 17.58
Force (N) Simulation 517.32 274.78
SActual 760.40 294.09
Table 2.2: Table comparing the results from the simulation with the actual values
from experiment.
Chapter 3
Source Identification
Valve impacts, piston slap, pressure discontinuities, and bearing impacts are some
of the broadband sources of vibration in reciprocating compressors. Each of these
sources contribute to the vibration of the crankcase of the machine (see Figure 3-1).
The contribution from each source will not be the same because some sources are
more dominant than others. The reciprocating compressor can thus be represented
as follows
valve impacts
piston slap
bearing impacts
pressure
discontinuities
noise
crankcase
vibration
bservation point)
Figure 3-1: Compressor represented as multiple input-single output system.
The objective of this chapter is to identify and extract the component of the
crankcase vibration due to bearing impacts. It will be shown later in chapter 4 that
more accurate results are obtained if the crankcase vibration coherent with bearing
impacts is used for strength recovery.
It has been shown from previous work [26] that valve impacts are the major broad-
band sources in reciprocating compressors. Valve impacts and piston slap cause vi-
brations on the crankcase (crankshaft casing) that make the vibration component due
to bearing impacts difficult to determine. To isolate the vibration due to bearing im-
pacts is then equivalent to processing data that has a low signal-to-noise ratio (SNR).
This is accomplished to some degree with the help of the joint time-frequency domain
short-time coherence functions developed by McCarthy [25, 26]. These functions will
help establish the time-frequency range over which bearing impacts are dominant and
thus provide a weighting function for the Short-Time Fourier Transform (STFT).
3.1 Identification of Transients
One Cycle of Connecting Rod Vibration for 1 mil radial clearance
0
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Figure 3-2:
mils radial
Typical cycle of connecting rod big-end vibration for 1
bearing clearances. TDC = 0, BDC = 33.6 ms, Period
mil, 2 mils, and 3
= 67.2 ms.
Figure 3-2 shows one cycle of the connecting rod vibration measurements at the big-
end for the three different clearances investigated in this thesis: 1 mil, 2 mils, and
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3 mils radial clearances. Data for only one cycle of compressor operation, starting
from top dead center (TDC) position has been shown because the vibration signals
are repetitive from cycle to cycle. It is apparent from the data that the vibration
signals due to the bearing impacts are highly transient in nature. The plots show
that no impacts occurred when the bearing clearance was 1 mil (nominal clearance),
two impacts occurred when the bearing clearance was 2 mils (at approximately 7 ms
and 11 ms), and two impacts occurred when the bearing clearance was 3 mils (at
approximately 7 ms and 17.5 ms). Figure 3-3 shows the connecting rod vibration
Vibration of Connecting Rod Big-End for 2 mils radial clearance
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Figure 3-3: One cycle of connecting rod, crankcase, and cylinder wall vibration for 2
mils radial bearing clearance. TDC = 0, BDC = 33.6 ms, Period = 67.2 ms.
measured at the big-end along with the corresponding vibration of the crankcase and
high pressure cylinder wall for a radial bearing clearance of 2 mils (1 mil in excess of
the nominal clearance). Our task is to identify the sources of these transients. The
connecting rod vibration has two major transient events (at approximately 7 ms and
11 ms) to be identified, the crankcase vibration has about six transient events (at
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approximately 8 ms, 12 ms, 18 ms, 42 ms, 47 ms, and 58 ms) to be identified, and the
high pressure cylinder wall vibration has about five transient events (at approximately
7 ms, 27 ms, 34 ms, 58 ms, and 61 ms) to be identified.
Some of the transients in the vibration data were identified based on previous
work done by McCarthy [26] on the same compressor. Based on the results from
that study, the cylinder wall vibration transients at 27 ms and 58 ms correspond to
'ringing' caused by the opening of the inlet and discharge valves repectively, whereas
the vibration transients at 34 ms and 61 ms correspond to the initial closing impacts
of the inlet and discharge valves respectively.
The accelerometer on the cylinder wall was intended to pickup transients due to
piston slap. Our simulation for piston slap 1 predicts piston slap to occur at about 7
ms after TDC. Therefore, the cylinder wall vibration transients at 7 ms correspond to
vibration due to piston slap. From the vibration of the big-end of the connecting rod,
two impacts occur at the bearing surface for each cycle of the compressor at about 7
ms and 11 ms. It will be shown later in this chapter that the first bearing impact at
about 7 ms is not strong enough to be picked up on the crankcase. The connecting
rod vibration transient at 11 ms which is due to the second bearing impact seems to
correspond to the crankcase vibration transient at approximately 12 ms and will be
explored in more detail using the tuned coherence function.
3.2 Ordinary Coherence Function
3.2.1 Ideal System
For an ideal single input-single output linear time-invariant (LTI) system with no
noise such as the one shown in Figure 4-1, the system response y(t) is a convolution
1See [20, 34, 42] for the theoretical development. The equations developed in these references
were solved using SIMUC [2].
of the input x(t) and impulse response function, h(t) and is given by
y(t) = h(O)x(t - 9)d9 (3.1)
-~) 00
The cross-correlation function between two different stationary random functions of
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Figure 3-4: Ideal single input-single output Linear Time-Invariant system.
time, x(t) and y(t), Rxy is defined as the ensemble average of the product x(t)y(t + T)
represented E[x(t)y(t + r)] and given by
Rxy = E[x(t)y(t+r)] = h(f)E[x(t)x(t+r t -)]d = L h(0)Rx(r-0)dO (3.2)
When x(t) and y(t) are equal, the result is an autocorrelation function. According
to the Wiener Khintchin Theorem, the correlation function and spectral density are
related by the Fourier Transform as shown below.
1 roo
S1(w) = L Rx(T)e-i"dT (3.3)27r _oo
and
Rxx(r) = 0 Sxx(w)eiwr'dw (3.4)
Taking the Fourier Transform of Equation 3.2 and simplifying the resulting expression
using the relation given by the Wiener Khintchin Theorem (Equation 3.3) gives
Sx,(w) = H(w)Szx(w) (3.5)
The autocorrelation of the response y(t) is given by100 00Ryy,(T) = E[y(t)y(t + T)] = h(O)E[x(t - O)y(t + T)]dO = h(9)R,((T + O)dO
(3.6)
Taking the Fourier Transform of Equation 3.6 and simplifying the resulting expression
using the relation given by the Wiener Khintchin Theorem (Equation 3.3) gives
Syy(w) = H*(w)Sxy(w) (3.7)
Substituting Equation 3.5 into Equation 3.7 gives
Syy,(w) = H*(w)H(w)Sxx(w) = IH(w)J2Sxx(w) (3.8)
Eliminating H(w) between Equations 3.5 and 3.7, and making use of the relation
Sx,(w) = S*y,(w) results in
S•~(w)s•,(w) - IS~,(w)I2
S-(w)S(w) 
-SMI(w)SY(w) = 1 (3.9)
The ratio s=. (w)Sv= (w) Is ,(@)l1 -(w()) S () - (3.10)XY s()s() 3.10)
is defined as the coherence between x(t) and y(t). It is equal to unity only in the
ideal case shown above because the system is linear time-invariant (LTI), all inputs
have been accounted for, and there is no noise. The coherence function is therefore a
measure of the linearity between the input x(t) and output y(t).
3.2.2 Non-Ideal or Real Systems
In real systems such as reciprocating compressors, not all the input sources are usually
accounted for, and unwanted noise is always present. It will be shown in section 3.3
that other sources of crankcase vibration such as valve impacts and piston slap (which
are not the sources of interest in this thesis) are uncorrelated with bearing impacts
x (t)
n, (t) n2 (t)
Figure 3-5: Non-Ideal system with uncorrelated noise.
(which is the source of interest in this thesis). These other sources which we are not
interested in are therefore considered as noise. The multiple input-single output model
of the compressor shown in Figure 3-1 can thus be reduced to the single input-single
output system with uncorrelated noise shown in Figure 3-5.
u(t) = x(t) + ni(t)
and
y(t) = v(t) + n2 (t)
where nri (t) and n2(t) are uncorrelated, zero mean noise sources. The spectral density
of v(t), S,,(w) can be expressed in terms of the spectral density of u(t), Suu(w) using
the same procedure in developing Equation 3.8.
S,,(w) = IH(w)I2SU(w) (3.11)
The autocorrelation of u(t), RP (r) is given by
Ru,(r) = E[u(t)u(t + -r)] = E [(x(t) + nl(t)) (x(t + -r) + nl(t + r))] (3.12)
Simplifying Equation 3.12 and using the relation Rxn (r) = RP.(r) = 0 (because x(t)
and ni (t) are uncorrelated), and then taking the Fourier transform of the resulting
expression gives
Su(w) = Szz(w) + S,,., (w) (3.13)
y(t)
Similarly, the spectral density of the output y(t) is given by
Syy,(w) = S. (w) + Sn2 2 (w) (3.14)
Substituting Equation 3.13 into Equation 3.11, and then substituting the resulting
expression into Equation 3.14 gives
Syy(w) = IH(w)12 [Sx(w) + S.nn (w)] + S2.2(w) (3.15)
The cross-correlation function between x(t) and y(t) is given by
Rx,(T) = E[x(t)y(t + r)] (3.16)
where
y(t + T) = v(t + -) + n2 (t + r) =J h(O)u(t + r --O)dO + n2(t + T)
Substituting the expression for y(t + T) into Equation 3.16 and using Rn 2 (r) =
R/ 2X(T) = 0, and then taking the Fourier transform of the resulting expression gives
Sxy(w) = H(w)Sxx(w) (3.17)
Substituting Equations 3.15, and 3.17 into the coherence function in Equation 3.10,
and simplifying gives
12 = 1+ + (3.18)YX(W + s-_-.l s-_-n_
S== SYY
This clearly shows that in general, the coherence is less than or equal to unity. It
is equal to unity only when there are no unwanted noise as was the case with the
ideal system of the previous section. With real systems where unwanted noise is
always present and all the inputs are usually not accounted for, the coherence will
be less than unity. Therefore, the ordinary coherence function is a convenient tool
for determining the extent to which two signals are linearly related, and in the case
where one of the signals is an input and the other is an output, the coherence will
give the extent to which the system is linear. High coherence implies that the signals
are related but not necessarily causal. If the coherence is zero (72 y = 0) for example,
then either the input x(t) is not the source of the response y(t), or the observation
point coincides with a zero.
3.3 The Short-Time Coherence Functions
The Short-Time Coherence Functions 2 (STCF) are extensions of the ordinary coher-
ence function to include time dependence, and is thus analogous to the Short-Time
Fourier Transform (STFT). There are two Short-Time Coherence Functions: Instan-
taneous Coherence Function, and Tuned Coherence Function.
3.3.1 Instantaneous Coherence Function
The instantaneous coherence function between an input signal x(t) and the resulting
response y(t) is a measure of the coherence between the two signals at a certain
instant in time. It is obtained from the ordinary coherence function by substituting
the time-dependent (or short-time) spectral densities for the ordinary ones.
72 ISz,(t, f)12SX(tf) = S(t, f)S(tf) (3.19)
where the short-time cross-spectral density S.y(t, f) and short-time autospectral den-
sities S:,(t, f) and Szy(t, f) are given by
Sx,(t, f) = E [Xj*(t, f)Y1 (t, f)] (3.20)
Sxx(t, f) = E [Xi*(t, f)X2 (t, f)] (3.21)
'See McCarthy [25, 26] for a detailed derivation, analysis, and computational considerations. The
discussion here is intended to be brief to give the reader the necessary background for reading this
thesis.
Syv(t, f) = E [Yi*(t, f)Y(t, f)] (3.22)
and the short-time Fourier transforms of the signals are respectively given by
T
X2(t, f) = j0w(t - T)xi(T)e-j 21f dr (3.23)
Y(t, f) = foTw(t - r)yj(-)e-j21frdT (3.24)
where w(t - T) is the analysis window that determines the portion of the signal to
be emphasized at a particular instant. The windows slide simultaneously along the
two signals. The instantaneous coherence function is based on the same assumptions
as the ordinary coherence function so that for all times, t and frequencies, f 0 <
7y2 Y(t, f) < 1. The assumptions of linearity and time-invariance are violated to some
degree by vibratory systems such as ours.
For small deviations from linearity, small time-variance, and minimum measure-
ment noise, the instantaneous coherence function is used to identify the likely sources
of vibration by ranking them according to the coherence. As with the ordinary co-
herence function, a high coherence does not necessarily imply causality because the
inputs may be correlated. If for example, a given event that produces vibration occurs
precisely at the same time during each machine cycle, and with the same strengths,
then all of the vibration and the source events would be perfectly coherent for a
noise-free linear time-invariant (LTI) system. Therefore, in order to be able to iden-
tify sources there must be some variability in the timing and strength of the transient
events that generate vibration. This condition of variability is met by the connecting
rod big-end bearing impacts we are investigating in this thesis.
Application: The instantaneous coherence function was used to identify the likely
source of vibration. Figure 3-6 shows the instantaneous coherence function between
the connecting rod and crankshaft casing (crankcase) vibrations for a radial bearing
clearance of 3 mils. Because the location of the accelerometers on the big-end of the
connecting rod was very close to the source of bearing impacts, the connecting rod
vibrations are taken to represent the source waveform. The instantaneous coherence
plot shows that the bearing impacts are correlated with the crankcase vibration only
in certain regions, implying that bearing impacts are potential sources of crankcase
vibration. More detailed investigation of particular events will be carried out with
the tuned coherence function which is discussed in the next subsection.
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Figure 3-6: Connecting rod vibration, crankcase vibration, and the corresponding
instantaneous coherence function for 3 mils radial bearing clearance. TDC = 0, BDC
= 33.6 ms, Period = 67.2 ms.
Figure 3-7 shows the instantaneous coherence function between the connecting
rod and high pressure cylinder wall vibrations for a radial bearing clearance of 3 mils.
Since the cylinder wall vibration is closer to the source of piston slap and valve im-
pacts, and the connecting rod vibration is closer to the source of bearing impacts, the
instantaneous coherence between them will give us an idea of the correlation between
the various sources that produce vibration in the crankcase. From the instantaneous
coherence, the input sources are correlated only at frequencies below 1 kHz. This cor-
lopII
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relation at lower frequencies are due to strong contributions to the vibrations of the
connecting rod and cylinder wall from the rotating machinery components. There-
fore, the input sources that contribute to the crankcase vibration are uncorrelated at
frequencies above 1 kHz.
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Figure 3-7: Connecting rod vibration, high pressure cylinder wall vibration, and the
corresponding instantaneous coherence function for 3 mils radial bearing clearance.
TDC = 0, BDC = 33.6 ms, Period = 67.2 ms.
Since we are interested in the component of crankcase vibration due to bearing im-
pacts and the other sources of crankcase vibration have been shown to be uncorrelated
(at least in the frequency range over which the bearing impacts are dominant), they
(the sources we are not interested in) are considered as noise. Considering these other
sources of crankcase vibration as noise will reduce the multiple input-single output
model shown in Figure 3-1 to the single input-single output system with unwanted
noise shown in Figure 3-5.
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3.3.2 Tuned Coherence Function
Once a likely source of vibration has been identified, the next step would be to
determine the regions of high coherence between a single input of interest and the
response signal. The tuned coherence function provides a means for emphasizing the
regions of high coherence in the diagnostic signature recovery process. It is different
from the instantaneous coherence function in that the input window is fixed on the
event of interest while the analysis window slides along the output signal. The tuned
coherence function between an event that occurs at time to in the input signal x(t)
and the response signal y(t) is thus given by
2yx(t7 f;to) =- ISXY(t, f; to)12SX(to, f)SfY(t, f)(3.25)
where the short-time spectral densities are given by
Sxy(t, f: to) = E [X*j(to, f)YM(t, f)] (3.26)
Sx(to, f) = E [X*j(to, f)X2 (to, f)] (3.27)
Syy(t, f) = E [Y*,(t, f)YMi(t, f)] (3.28)
where Xi (to, f) and Yj (t, f) are the Fourier transforms of the truncated versions of
the original signals given by
T
X2(to, f) = j w(to - r)xi(r)e-j2wfrdr (3.29)
T
Yi(t, f) = fo w(t - r)yj(r)e-j2rfrdT (3.30)
The tuned coherence function follows the same principles as the instantaneous coher-
ence function except that it relates the entire response measurement to a single input
event that occurs at time to in the machine cycle i.e. the window for the input x(t) is
fixed at the time to of the particular event of interest (first or second bearing impact
in our case) and the window for y(t) slides along the response signal.
Application: Figure 3-8 shows an estimate of the first bearing impact force (ob-
tained from the connecting rod vibration and transfer functions 3), the corresponding
crankcase vibration, and the resulting tuned coherence function for a radial bearing
clearance of 3 mils. The extent of the region of relatively high coherence extends from
DC to 1 kHz over the entire time range, and from 1 kHz to 3 kHz around the impact
(time range from 7 ms to 13 ms).
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Figure 3-8: Tuned coherence analysis for first bearing impact when the radial bearing
clearance was 3 mils. TDC = 0, BDC = 33.6 ms, Period = 67.2 ms.
Figure 3-9 shows an estimate of the second bearing impact force, the corresponding
crankcase vibration, and the resulting tuned coherence function for a radial bearing
clearance of 3 mils. The extent of the region of relatively high coherence extends from
DC to 1 kHz and over the entire time range.
The high coherence at low frequencies in both Figures 3-8 and 3-9 are due to
3See appendix B for details on the procedure for estimating the actual bearing impacts.
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Figure 3-9: Tuned coherence analysis for second bearing impact when the radial
bearing clearance was 3 mils. TDC = 0, BDC = 33.6 ms, Period = 67.2 ms.
strong contributions to the vibrations from the rotating machinery components. The
low coherence of the tuned coherence function for the second impact above 1 kHz
suggests that the energy from the second impact is not strong enough to be picked
up at the crankcase. From these results, it can be concluded that
* most of the energy from the impact in the connecting rod big-end bearing is
contained in the dominant impact, and
* the bearing impact is a dominant source of crankcase vibration at frequencies
from 1 kHz to 3 kHz around the dominant impact (time interval from about 7
ms to 13 ms in this case).
3.4 Coherent and Incoherent Vibration
Short-Time Fourier Transform: The transients due to impacts in reciprocating
compressors are highly nonstationary i.e. the properties (amplitudes, frequencies,
and phases) of the vibration signals change with time. Such nonstationary signals
will be accurately represented in the frequency domain by the time-dependent Fourier
Transform also referred to as the Short-Time Fourier Transform. The short-time
Fourier transform (STFT) of a signal y(t) at a particular instant of time is given by
Y(t, f) = -r=t+ w(t - T)y(T)e-2"fdT (3.31)
where w(t - T) is the sliding analysis window used to select the portion of the signal
at the particular time of interest at which the spectrum is to be evaluated. The
short-time Fourier transform is obtained by computing the Fourier transform of the
various portions of the signal selected by the sliding analysis window. Because the
short-time Fourier transform is a joint time-frequency domain function, there is an
inherent tradeoff between time and frequency resolution; increased time resolution
can only be obtained at the cost of decreased frequency resolution and vice versa
[31, 29]. The size of the sliding analysis window must then be selected to meet the
required time and frequency resolutions. Figure 3-10 shows 5 dB contour intervals
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Figure 3-10: Short-Time Fourier Transform magnitude for the portion of crankcase
vibration around the dominant impact for a radial bearing clearance of 3 mils. TDC
= 0, BDC = 33.6 ms, Period = 67.2 ms.
of the magnitude of the short-time Fourier transform of a portion of a typical cycle
of the crankcase vibration for a radial bearing clearance of 3 mils. The magnitude
is high for the entire frequency range (DC to 4 kHz) and the portion of the cycle
considered (time interval 0 ms to 40 ms). This is because the crankcase vibration has
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components of vibration from several events that occur in the compressor at different
times in the cycle and the different sources are dominant at different frequency and
time ranges.
Modified Short-Time Fourier Transform: From the analysis with the tuned
coherence function, it was determined that bearing impacts are dominant in the
frequency range from 1 kHz to 3 kHz around the dominant impact (which corresponds
to the first impact for the 3 mils clearance case: time interval from 7 ms to 13 ms). To
emphasize the regions of high coherence, the tuned coherence function, -y2(t, f; to)
is used as a weighting function to the short-time Fourier transform. The modified
short-time Fourier transform is thus given by
YC(t, f; to) = 7 2Y(t, f; to) -Y(t, f) (3.32)
Figure 3-11 shows the modified short-time Fourier transform of the crankcase vibra-
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Figure 3-11: Modified Short-Time Fourier Transform magnitude for the portion of
crankcase vibration around the dominant impact for a radial bearing clearance of 3
mils. TDC = 0, BDC = 33.6 ms, Period = 67.2 ms.
tion Y,(t, f; to) obtained by weighting the short-time Fourier transform Y(t, f) with
the tuned coherence function as given by Equation 3.32 for a radial bearing clear-
ance of 3 mils. This modified short-time Fourier transform will correspond to the
short-time Fourier transform of the component of crankcase vibration due to bearing
impacts.
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High magnitudes are obtained only in three regions: lower frequencies (below 1
kHz) over the entire time range, 1 kHz - 3 kHz around the dominant impact, and 1
kHz - 3 kHz in the high time range. The difference between the plot of the short-time
Fourier transform and its corresponding modified version is clearly visible. While
the short-time Fourier transform emphasizes all the regions, the modified short-time
Fourier transform emphasizes only the regions pertaining to the source of interest.
Therefore, the modified short-time Fourier transform is a better estimate of the time-
dependent frequency spectrum of the component of crankcase vibration due to bearing
impacts.
Coherent and Incoherent Vibration: The coherent vibration or modified vi-
bration signal, yc(t) can then be synthesized from the Modified Short-Time Fourier
transform by using the inverse transform relation.
100
yc(t) = w(O) _ Yc (t, f; to) e-J27rf ftdf (3.33)
with the constraint that w(0) be nonzero. Several computational methods exist for
synthesizing a signal from its discrete short-time Fourier transform [31, 29]. In this
thesis, the overlap-add method was selected for synthesizing the coherent vibration
from the modified short-time Fourier transform. The required constraint for the
overlap-add method is that the sum of all the sliding analysis windows add to a
constant over time. This implies that for a window length of N points (N even), a
boxcar window will satisfy the required constraint for the overlap-add method if the
window is shifted by a maximum factor of Lmax = N, whereas a hanning window
will satisfy the overlap-add constraint if the window is shifted by a maximum factor
of Lmax N . However, the constraint is not satisfied at the ends no matter which
window is selected. The only way to get around this is to use enough data points
around the impact so that the data at the ends can be discarded. The coherent
vibration is then computed from the discrete modified short-time Fourier transform
of the crankcase vibration using
C[n] L ]Poo [1 YN- k]ej27r (3.34)
Y(0)f = [ N k=[
where L is the shift factor, and W(0) is the DC value of the discrete Fourier transform
of w [n]. The synthesizing process comprises the computation of the inverse discrete
Fourier transform of Y[p, k] for each window p, summing them together, and scaling
by a constant factor L
The incoherent vibration is obtained by subtracting the coherent vibration from
the original crankcase vibration signal.
y (t) = y(t) - y (t) (3.35)
Figure 3-12 shows a portion around the impacts of a typical cycle of the crankcase
vibration, and the corresponding coherent and incoherent vibration signals obtained
for a radial bearing clearance of 3 mils. The modified vibration signal obtained (or
coherent vibration, yc(t) ), is an estimate of the crankcase vibration (or response)
due to bearing impacts because the incoherent regions have been scaled down even-
though not completely removed. A comparison of the magnitudes of the coherent
and incoherent vibration components supports the conclusion (drawn from the tuned
coherence analysis) that bearing impacts are not the major source of crankcase vi-
bration. The signal processing steps for decomposing a vibration signal y(t) into its
coherent and incoherent components are summarized in Figure 3-13.
To completely remove the vibrations due to the other sources considered as noise,
the tuned coherence function can be modified. Incoherent transients were still present
in the coherent vibration signal because when the tuned coherence was used to weight
the short-time Fourier Transform, the incoherent regions were scaled down. To com-
pletely eliminate the incoherent transients, the tuned coherence function is modified
by setting it to zero outside the region in which bearing impacts are dominant. Using
the modified tuned coherence function to weight the short-time Fourier transform,
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Figure 3-12: Portion of crankcase vibration around the dominant impact, and the
corresponding coherent and incoherent vibrations for a radial bearing clearance of 3
mils. TDC = 0, BDC = 33.6, Period = 67.2 ms.
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and then synthesizing the modified short-time Fourier transform will give the mod-
ified coherent vibration. The modified incoherent vibration which is the component
of the crankcase vibration due to other sources can be obtained by subtracting the
modified coherent vibration from the original vibration signal.
Chapter 4
Recovery of Diagnostic Signature
It was shown in chapter 1 that impacts do occur in the connecting rod big-end bear-
ings when the clearance is excessive. The conclusion from various experimental and
theoretical studies on connecting rod bearing impacts show that the number of im-
pacts, the timing of impacts, and the strength of impacts vary with clearance. Hence,
the number of impacts, the timing of impacts, and the strength of impacts are poten-
tial diagnostic signals. In this thesis however, the number of impacts is not used as a
diagnostic signal because it is not unique to a particular clearance. For the excessive
clearances investigated in this thesis, two impacts were observed in one compression
cycle with the dominant impact containing most of the energy from the impacts.
Therefore, the diagnostic signature is the dominant bearing impact and its timing
and strength are the diagnostic signals. The project strategy is to recover these di-
agnostic signals from a non-invasive measurement like the vibration of the crankcase,
and then with knowledge of how they vary with clearance, be able to predict the
bearing clearance. In this chapter, a procedure for recovering these diagnostic signals
from the crankcase vibration is presented. Because the impacts are sufficiently far
apart, they are studied as separate non-interacting events. The process of recovering
the input signal (source waveform) from the system response (crankcase vibration in
this case) is called inverse filtering.
When an impact occurs in the connecting rod big-end bearing, two things oc-
cur. The source waveform (impulsive force) generates transient vibrations which are
transmitted through the structure to the crankcase where it can be measured non-
invasively using an accelerometer. But by the time the vibration transients reach the
crankcase, they have been distorted by reverberation and dispersion. Secondly, the
reciprocating compressor (or any reciprocating machinery), is a multimodal system.
Because the source waveform has a fiat spectrum over a wide frequency range, all
the system modes within that frequency range will be excited. Therefore, an im-
pact in the connecting rod bearing will result in dispersion and multimodal response.
The purpose of inverse filtering is to remove the path effects (i.e. reverberation and
dispersive effects) from the crankcase vibration measured non-invasively in order to
recover the source waveform. This can be achieved by first separating the source
and path effects in a "typical" structural transfer function, and then creating an in-
verse filter based on the structural propagation path alone through a combination of
cepstral-smoothing and minimum-phase processing.
4.1 Ideal Inverse Filter
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Figure 4-1: Ideal single input-single output Linear Time-Invariant system.
For an ideal single input-single output linear time-invariant system, the response
is given by the convolution of the impulse response and the input signal. In the
frequency domain, the Fourier transform of the input signal, X(w) and output signal,
Y(w) are related as follows:
Y(w) = H(w) . X(w) (4.1)
where H(w) is the structural transfer function. If the exact transfer function is known,
the input can be easily recovered from the output as follows:
X(w) = H-(w) -Y(w) (4.2)
H - (w) is the inverse filter of the transfer function of the linear time-invariant system.
In practice however, the exact transfer function is almost never known real sys-
tems like the reciprocating compressor. Firstly, we expect to have only a "typical"
transfer function from a nominally identical machine since transfer functions cannot
be measured on every machine to be diagnosed. Secondly, transfer functions vary
with changes in operating conditions such as load of the machine and temperature.
Thirdly and specifically to the diagnosis of connecting rod bearing clearance, the
bearing impacts do not always occur at the same point on the bearing surface. To
create a database of all the possible transfer functions will require transfer function
measurements at millions of locations on the bearing surface. Even if all the possible
transfer functions could be measured, selecting the correct one to use for recovery
will be another complication. Therefore, an inverse filter that is stable, causal, and
robust to variabilities in transfer function will be desirable in any diagnostics system.
4.2 Structural Transfer Function
A transfer function can be represented either in a modal expansion form (e.g. for
dynamical systems such as rooms and structures), or as a ratio of polynomials, but
the easiest form to study is the ratio of polynomials.
H(w) N(w) ( -W a)(W -Wb)...H(w) =-A (4.3)D(w) (w - W1)(W - 2)...
where wa, Wb, ... are the roots of N(w) and the zeros of the transfer function H(w).
W1, w2, ... are the roots of D(w) and the poles of the transfer function H(w). The
poles correspond to the system resonances. If e•wt time dependence is assumed, then
system damping will cause the poles of the transfer function H(w) to move off the real
frequency axis into the upper half-plane of the complex frequency plane as shown in
Figure 4-2. In a structural transfer function measurement, two points on the structure
are considered: an excitation point (source) and an observation point (receiver). The
poles of a structural transfer function will not change no matter the observation point
whereas the location of the zeros will depend on the observation point. For a drive
point function, which is the special case of a transfer function in which the source and
observer are at the same location, the poles and zeros alternate along the pole-line in
the complex frequency plane as shown in Figure 4-2.
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The poles and zeros alternate on the pole-line.
As the observation point is separated from the excitation point, the poles remain
on the pole-line but the zeros move from the pole-line as shown in Figure 4-3.
Figure 4-3: Poles
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Moving the observation point further away from the excitation point into the
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reverberant field will on average, cause half the zeros to drift away from the pole-line
to form a "cloud of zeros" while the other half will remain on the pole-line. The
fact that the magnitude of the transfer function is symmetric about the pole-line and
the cloud of zeros is distributed symmetrically for real mode shapes (proportional
damping), implies that 1 of the zeros move above the pole-line and 1 of the zeros4 4
move below the pole-line. The zeros remaining on the pole-line drift along the pole-
line and produce the propagation phase. The zeros below the pole-line and the real
frequency axis produce the reverberant phase and are called nonminimum-phase zeros
as opposed to minimum-phase zeros used for the zeros above the real frequency axis
and pole-line. The distance Je of the pole-line from the real axis is given by
6= wrj (4.4)
where q is the loss factor. The loss factor 7 is usually very small (of the order of
10- 3) so that any zero below the pole-line is virtually below the real frequency axis.
The distribution of the poles and zeros in the complex frequency plane for a typical
nonminimum-phase transfer function is shown in Figure 4-4.
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Figure 4-4: The complex frequency plane representation of a transfer function. The
zeros below the real frequency axis (nonminimum-phase) create the reverberant phase.
Magnitude of Transfer Function: Figure 4-5 shows the phasors that determine
the transfer function magnitude and phase at a given test frequency. The magnitude
o
test frequency " •
Figure 4-5: Phasors that determine the transfer function magnitude and phase at a
given test frequency.
of the transfer function given in Equation 4.3 at a given frequency is equal to the
product of the length of the phasors from all the zeros to the frequency of interest
divided by the product of the lengths of all the pole phasors. Therefore, if the test
frequency is very close to a pole, there will be a very short phasor in the denominator
making the value of the function very large. Conversely, if the test frequency is very
close to a zero, the small factor in the numerator will make the function very small.
Phase of Transfer Function: The phase of a transfer function represents the
delay between the input and output responses, expressed in angular frequency. The
phase is equal to the sum of the angles of all the phasors from the poles to the test
frequency subtracted from the sum of the angles of all the phasors from the zeros
to the test frequency. Because the pole-line is very close to the real frequency axis
(r; very small), the contributions of the poles and zeros to the phase of the system
tend to be approximately equal to :Fr radians. As can be seen from Figure 4-6,
when the test frequency passes a pole the net phase decreases by x radians, when the
test frequency passes a minimum-phase zero the phase increases by x radians, and
when the test frequency passes a nonminimum-phase zero the phase decreases by
radians. Minimum-phase zeros tend to cancel the phase introduced by the poles of the
transfer function, hence the name minimun-phase. In this manner, the unwrapped
phase at a given test frequency can be calculated by determining the number of poles,
minimum-phase zeros and nonminimum-phase zeros that occur between DC and theCOB
(0 (0W
O~0)
0)ctest frequency COC
Figure 4-5: Phasors that determine the transfer function magnitude and phase at a
given test frequency.
of the transfer function given in Equation 4.3 at a given frequency is equal to the
product of the length of the phasors from all the zeros to the frequency of interest
divided by the product of the lengths of all the pole phasors. Therefore, if the test
frequency is very close to a pole, there will be a very short phasor in the denominator
making the value of the function very large. Conversely, if the test frequency is very
close to a zero, the small factor in the numerator will make the function very small.
Phase of T'ransfer Function: The phase of a transfer function represents the
delay between the input and output responses, expressed in angular frequency. The
phase is equal to the sum of the angles of all the phasors from the poles to the test
frequency subtracted from the sum of the angles of all the phasors from the zeros
to the test frequency. Because the pole-line is very close to the real frequency axis
(,q very small), the contributions of the poles and zeros to the phase of the system
tend to be approximately equal to pi7r radians. As can be seen from Figure 4-6,
when the test frequency passes a pole the net phase decreases by 7r radians, when the
test frequency passes a minimum-phase zero the phase increases by 7r radians, and
when the test frequency passes a nonminimum-phase zero the phase decreases by 7r
radians. Minimum-phase zeros tend to cancel the phase introduced by the poles of the
transfer function, hence the name minimun-phase. In this manner, the unwrapped
phase at a given test frequency can be calculated by determining the number of poles,
minimum-phase zeros and nonminimum-phase zeros that occur between DC and the
minimum-phase zero pole
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Figure 4-6: Phasors showing the phase contributions of a pole, a minimum-phase
zero, and a nonminimum-phase zero.
test frequency of interest and using the relation
(w) = -[N, + Nz+ - Nz- 7r (4.5)
where O(w) is the phase at a given test frequency, Np is the number of poles between
DC and the test frequency, Nz+ is the number of nonminimum-phase zeros between
DC and the test frequency, and Nz- is the number of minimum-phase zeros between
DC and the test frequency.
The transfer function of interest here is that between a force on the connecting rod
big-end bearing surface and the resulting vibration on the crankcase of the reciprocat-
ing compressor. Inaccessibility to the connecting rod big-end bearing surface makes it
impossible to obtain such a transfer function, so we make use of the reciprocity rela-
tionship. By reciprocity, the transfer function between a force on the connecting rod
big-end bearing surface and the resulting vibration on the crankcase is equivalent to
the transfer function between a force on the crankcase and the resulting vibration on
the connecting rod big-end bearing surface. A very small picomin accelerometer was
mounted on the connecting rod big-end bearing surface before installing the bearing,
and an impulse hammer was used to excite the compressor from the crankcase (at
the point where the vibration measurements used for recovery were made). The force
applied by the impact hammer on the crankcase and the resulting vibration on the
connecting rod big-end bearing surface are shown in Figure 4-7, and the magnitude
and phase of the transfer function are shown in Figure 4-8.
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Figure 4-7: Impact hammer force on crankcase and resulting vibration of connecting
rod big-end bearing surface.
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Figure 4-8: Magnitude and Phase of Structural Transfer Function.
Transfer functions vanish at the zeros (notches in Figure 4-8) and diverge at
the poles (peaks in Figure 4-8) and if used in a straight forward inverse filtering as
given by equation 4.2, tend to favor noise since the notches of the transfer function
become peaks of the inverse filter. The result is an amplification of signals at the
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notches of the transfer function which are usually dominated by noise. One way of
fixing this (minimizing the noise amplification) is to use the running average (cepstral
smoothing) of the structural transfer function.
4.2.1 Decomposition of a Transfer Function
From the general ratio of polynomial representation of a transfer function shown in
Equation 4.3, the transfer function for a nonminimum phase system with four zeros
(two minimum-phase and two nonminimum-phase) and five poles is given by
H(w) K (w - Wa)(W - Wb)(W - W,)(w - Wd)( wK )(w- )(w- )(- 4 )(--(4.6)
where wa and wb are the minimum-phase zeros, w, and Wd are the nonminimum-phase
zeros, and wl, w2 , ... w5 are the poles. Equation 4.6 is equivalent to
[M (wK - Wa)(P - Wb) (W - W*,) (W - W *d) 1 P F( - WC)(P - Wd)1
H(w) - W1)(W - W2)(W - W3)=(W - W4)1(K - W5) (W - W c)(W - W'd)
(4.7)
Therefore, the transfer function of a nonminimum-phase system can be decomposed
into two components given as
H(w) = Hmin (w) . Hap( ) (4.8)
where
Hmin(W) K - Wa)(W - )(W -W*) (W -W* d)(w - w1)(W - w2)(W - w3)(w - w4)(W - w5)
and
Hap(W) (W - WC)(P - Wd)
(w - w*c)(w - W*d)
The decomposition of the transfer function of a nonminimum-phase system is repre-
sented graphically in Figure 4-9. Hmin(w) is called the minimum-phase component,
and Hap(W) is called the allpass component. All the poles and zeros of Hmin(W) and
its inverse filter, H-1 min(w) are above the real frequency axis, implying that Hmin(W)
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Figure 4-9: Decomposition of the transfer function of a nonminimum-phase system
into minimum-phase and allpass components.
is causal and stable, and has an inverse that is also causal and stable. The allpass
component has an equal number of poles and nonminimum-phase zeros. It has a
magnitude of unity at all frequencies (i.e. it passes all of the frequency components
of its input with magnitude gain of unity), and the phase changes by -2 7r radians for
each pole-zero pair. In the sections ahead, it will be shown how the minimum-phase
component can be used to recover the source waveform, and the allpass component
used to recover impact timing.
4.2.2 Definition of Cepstrum
Complex Cepstrum: The complex cepstrum of a signal h(t), given by Equa-
tion 4.9 and shown schematically in Figure 4-10, is written h(t), and is defined as the
inverse Fourier transform of the (complex logarithm of the signal) natural logarithm
of its Fourier transform.
1 00h(t) = ~- In (H(w)) eiwdw (4.9)
27r foo
The complex cepstrum is a real function because it is the transform of a complex
function In (H(w)) = In IjH(w) + j~h. Since the log magnitude is an even function of
h(t) FT In IFT h(t)
Figure 4-10: The complex cepstrum.
frequency and the phase is an odd function of frequency, their inverse transforms are
real, so the complex cepstrum h(t) is a real function of time. Being a real function of
time, the complex cepstrum can be divided into an even part and an odd part i.e.
h(t) = he(t) + ho(t) (4.10)
where he(t) is the even part of the complex cepstrum, and ho(t) is the odd part of
the complex cepstrum.
Power Cepstrum: The power cepstrum of a signal h(t), given by Equation 4.11
and shown schematically in Figure 4-11, is written Ch (t), and is defined as the inverse
Fourier transform of the natural logarithm of its power spectrum (magnitude of its
Fourier transform). 1 00
Ch(t) = In |H(w) eJwtdw (4.11)
27r -oo
h(t) FTL IF h- (t)
Figure 4-11: The power cepstrum.
The power cepstrum is the even part of the complex cepstrum i.e.
Ch(t) = he(t) (4.12)
Phase Cepstrum: The phase cepstrum of a signal h(t), given by Equation 4.13
and shown schematically in Figure 4-12, is written COh (t), and is defined as the
inverse Fourier transform of the phase of its Fourier transform.
1 0C4,h(t) = arg (H(w)) ejwtdw (4.13)2r f-oo
h(t) arg (t)
Figure 4-12: The phase cepstrum.
The phase cepstrum is the odd part of the complex cepstrum i.e.
C4 (t) = ho (t) (4.14)
4.2.3 Inverse Filter Design
One of the applications of the cepstrum is deconvolution which is the process of
separating the source effects (multimodal response of the structure) from the path
effects (dispersion and reverberation). This is possible because the contributions of
the path and source are additive, and time windowing can be used to separate them.
The low-time components of the real cepstrum correspond to the "background" or
"continuous part" or "slowly varying part" of the transfer function which represents
the structural path. By windowing out or eliminating the high-time components in
the power cepstrum and taking the Fourier transform, we can extract the smoothed
spectrum which is the transfer function containing only the structural path. The
smoothed transfer function can then be used to design an inverse filter that is robust
to transfer function variabilities.
Minimum-Phase Processing
Minimum-phase from complex cepstrum: The complex cepstrum of the trans-
fer function can be written interms of the complex cepstra of its minimum-phase and
allpass components. Taking the log-transform of Equation 4.8 results in
h(t) = hmin(t) + hap(t) (4.15)
where hmin(t) is the complex cepstrum of the minimum-phase component, and hap(t)
is the complex cepstrum of the allpass component. The minimum-phase component,
Hmin(w) is causal, implying that its log-transform or cepstrum, hmin(t) vanishes for
negative time. Since the allpass component, Hap(w) is the transform of the phase
function (which is an odd function), the all pass cepstrum, hap (t) is also an odd
function. From these properties, it can be seen that the negative time part of the
complex cepstrum comes from the allpass component only. Therefore, both the allpass
and minimum-phase cepstra can be constructed from the complex cepstrum. However,
the minimum-phase component can also be constructed from the power cepstrum as
shown below.
Minimum-phase from power cepstrum: The complex cepstrum of the minimum-
phase component is a real function and thus can be divided into an even part and an
odd part.
hmin (t) = hmine (t) + hmino (t) (4.16)
where hmine(t) is the even part, and hmino (t) is the odd part. hmin(t) is causal (i.e.
it vanishes for t < 0) because all the poles and zeros of Hmin(w) are above the
frequency axis in the complex frequency plane. Since hmin(t) is zero for negative time
and nonzero for positive time,
J-hmino(t) for t < 0 (4.17)
hmine(t) = hmino(t) for t > 0
Substituting Equation 4.16 into Equation 4.15 results in
h(t) = hmine (t) + hmi•o (t) + hap(t) (4.18)
Noting that hmino(t) + hap(t) is odd and equating the even parts of Equations 4.10
and 4.18, and making use of the relation given by Equation 4.12 results in
Ch(t) = h,(t) = hmine(t) (4.19)
Therefore, the power cepstrum of a signal is equal to the even part of the complex
cepstrum of the signal and is also equal to the even part of the complex cepstrum
of the minimum-phase component of the signal. Substituting Equation 4.17 into
Equation 4.16 results in:
0 fort < 0
hmin (t) = hmin. (t) for t = 0 (4.20)
2hmin, (t) for t > 0
Finally, substituting Equation 4.19 into Equation 4.20 gives
0 fort <0
hmin(t) = Ch(t) for t = 0 (4.21)
2Ch(t) for t > 0
The minimum-phase cepstrum can therefore be constructed from the power cepstrum
by using the following relation
hmin(t) = Ch(t) " lmin(t) (4.22)
where Imin(t) is the minimum-phase window given by:
0 for t < 0
Imin (t) = 1 for t = 0
2 for t> 0
Cepstral Smoothing
To extract the minimum-phase cepstrum that represents the structural path hpath(t),
the high-time components of the minimum-phase cepstrum, hmin (t) are windowed
out using a smoothing window lon (t). The minimum-phase cepstrum of the transfer
function representing the structural path hpath(t) is then given by
hpath(t) = hminlow(t) -= hmin(t) - low(t) (4.23)
where low (t) is the choice of the smoothing window. Some of the windows used
for cepstral smoothing include Gaussian window, hanning window, and hamming
window. Hanning window was used for the low-time part of the smoothing window
in this thesis. The complete smoothing window liow(t) with the hanning window used
for the low-time part is given by
0.5 - 0.5 cos 27r -T < t < T11oW (t)=I T 22
0 otherwise
where T is the size of the smoothing window. T is somewhat arbitrary. For cases
like the one here where we are trying to recover bearing impacts, the duration of
the bearing impacts will give a good estimate of T. However, such an estimate has
to be improved. The force applied by the impact hammer on the crankcase and
the resulting vibration on the connecting rod shown in Figure 4-7 and the resulting
transfer function shown in Figure 4-8 were used in estimating the size of the cepstral
smoothing window T. For various sizes of T, the strength of the hammer force was
recovered using a smoothed transfer function. The size of the smoothing window T
that resulted in the correct impact force was then selected. T was found to be 1 ms.
The smoothed transfer function which represents the structural path, Hpath(w)
can be obtained by taking the exponential of the Fourier transform of the minimum-
phase cepstrum of the transfer function representing the structural path, hpath(t) as
given in Equation 4.24 below.
Hpath(W) = ef-o hpath(t)ej'iwdt (4.24)
Figure 4-13 shows the magnitude plot of the cepstrally smoothed transfer function
Hpath(w) representing the structural propagation path. Hpath (w) was used to create
the causal and stable inverse filter that is robust to transfer function variabilities.
The strength of the impulsive force can be recovered using the minimum-phase and
cepstrally-smoothed inverse filters, making the process robust to variabilities in struc-
tural transfer functions.
Cepstrally smoothed minimum-phase component of Transfer Function
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Figure 4-13: Magnitude of cepstrally smoothed minimum-phase component of the
transfer function representing the structural path.
Allpass component
The allpass component, Hp(w) can be obtained from Equation 4.8.
Hap(w) = Hm(w) (4.25)
where Hmin,,(w) was obtained by taking the exponential of the Fourier transform of
the minimum-phase cepstrum, hmin(t) which was given in Equation 4.22.
Hmin(w) = ef-0 hmi,(t)e-Jwtdt (4.26)
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Figure 4-14 shows the schematic summarizing the signal processing steps involved in
obtaining the cepstrally smoothed minimum-phase and allpass components of a signal
y(t).
.m(t) lo(t)
mln low
"X ...............
Y.(o
min
low
OUTPUTS
y ap(CO)
...................... ,
Figure 4-14: Schematic summarizing the steps involved in obtaining the cepstrally
smoothed minimum-phase and allpass components of any signal y(t). (source: [26])
Because the diagnostic signals are the components that describe transients of
short duration, our recovery technique makes use of the properties of impulsive source
waveforms. With the exception of pure delay, an impulse by itself is minimum-phase.
Therefore, the minimum-phase component can be used to recover the strength of
bearing impacts and the allpass component used to recover the timing of the bearing
impact. The recovery was performed on a cycle to cycle basis.
4.3 Bearing Impact Time Recovery
To help in locating the portion of the crankcase vibration data in a compression cycle
to be windowed and used for strength recovery, the time of occurrence of the impact
in the connecting rod big-end bearing was recovered first.
The group delay, which is the average time it takes a signal to travel through a
medium, is defined by
r(w) = - (w) (4.27)
where O(w) is the unwrapped phase. Writing Equation 4.1 in polar form
IY(w)I e'OY) = (IH(w)I ej^h(w)) - (IX(w)I e 3 (w)) = JH(w)J IX(w)I ei(h(wP)+O())
(4.28)
Equation 4.28 above implies that the phase of the response is the sum of the phase
of the excitation and the phase of the transfer function.
qy(w) = kh(W) + ¢x(w) (4.29)
Converting the phases in Equation 4.29 into group delay by taking the negative
derivative with respect to frequency gives
r•• (w) = hr (w) + T (0W) (4.30)
where
* r7, (w) is the group delay of the response
* Th(W) is the group delay of the system transfer function
* TrX (w) is the group delay of the input signal. Since the input signal is an impulsive
force (pure-delay), the group delay of the input signal is equivalent to the time
of occurrence of the bearing impact.
Equation 4.30 shows that the group delay of the vibration response at any frequency
is the sum of the time when the input impact force occurs and the time it takes for the
transients generated by the input impact force to propagate through the system to the
crankcase. Using the frequency-averaged values of the group delays in Equation 4.30,
the averaged impact time, ;x is given by
sx = ;y - Ih (4.31)
Writing Equation 4.8 in polar form and using the property of unit magnitude for the
allpass component, (i.e. IHap(w)l = 1) results in
H(w) I eJ3h(L) M Hmin(W) I eJ ikhmin(W) . Hap (w)) ejOhap(W() (wHmin(U)) ei(Ohmin (W)+hap(W))
(4.32)
showing that the phase of the transfer function is the sum of the phases of the
minimum-phase and allpass components, and implying that their frequency-averaged
group delays are additive.
Th = Thmin + Thap (4.33)
The combined phase of the minimum-phase component is zero because the minimum-
phase component has an equal number of poles and zeros (all above the frequency
axis), with the poles and zeros canceling out the phase of one another. The frequency-
averaged group delay of the minimum-phase component is zero, making the frequency-
averaged group delay of the transfer function equal to the frequency-averaged group
delay of the allpass component. Therefore, only the allpass component, hap(t)
is required for timing recovery since the mean group delay of the allpass
component is equal to the mean group delay of the system transfer func-
tion.
Th = Thap (4.34)
The group delay of the system transfer function, Th is due to a direct propagation
delay (direct field component) and a reverberant phase contribution. Generally, any
structural transfer function inherently has zeros at infinity (present) due to direct
propagation delay through the structure (direct field component) and nonminimum-
phase zeros due to reverberation. Nonminimum-phase zeros can also be artificially
introduced into an estimate of the transfer function due to data truncation [36]. From
an experimental standpoint, these truncation effects can be minimized by exponen-
tially windowing the data prior to determining the transfer function. The mean group
delay of any transfer function can generally be written as the sum of two components:
direct field component (direct propagation delay) and reverberant field component
(reverberant phase contributions) as shown in Equation 4.35.
h = hdir + hrev (4.35)
where hdir is the direct field component, and Th,, is the component due to rever-
beration. The direct field component (direct propagation delay) is a characteristic of
the system path and is thus the same on average for any nominally identical system.
Variability in the mean group delay of the system transfer function is mainly due to
the reverberant field component which will depend on the operating conditions of the
system. Similarly, the mean group delay of the vibration response can be written as
the sum of its direct field and reverberant field components.
4 = "4,• + ",e (4.36)
where the direct field component of the mean group delay of the vibration response
Ydi, (using Equation 4.30), is the sum of the averaged impact time l and the direct
field component of transfer function mean group delay, nhd•,.
;Tdir =X ; + Thdir (4.37)
Using the relationship in Equation 4.31 to predict the time of occurrence of impact
(after substituting Equations 4.37 into Equation 4.36 and then substituting the re-
sulting expression and Equation 4.35 into Equation 4.31) will give
Txpredict = ;r + (7,1ev - hre,,) (4.38)
If the exact transfer function of the system is known (i.e. the transfer function
is measured under the same conditions as the vibration response), the reverberant
field will be the same for both the transfer function and the vibration response i.e.
Threv = rye,, (i.e. the transfer function and vibration response will have the same
nonminimum-phase zeros). The predicted time of occurrence of impact, 1Xpredict (us-
ing Equation 4.38) will be identical to the actual time of occurrence of impact, .
However, the exact transfer function is not always known (i.e. the transfer function
and vibration response are usually obtained under different conditions for reasons al-
ready discussed in section 4.1). Hence, the reverberant field for the transfer function
will be different from that for the vibration response i.e. the, Ye, (the transfer
function and vibration response will have different nonminimum-phase zeros). Under
such circumstances where the exact transfer function is not known, the predicted
time of occurrence of impact, Gpredic will be different from the actual time of oc-
currence of impact, x. The time of occurrence of impact can be robustly obtained
from the transfer function and vibration response measurements only if the rever-
berant nonminimum-phase is eliminated prior to calculating the mean group delays.
This process of removing the reverberant-phase contributions from the mean group
delays is known as de-reverberation and can be achieved by exponential windowing
as described in the next subsection.
4.3.1 De-reverberation
The distance, 6o between the pole-line and the real frequency axis in the complex
frequency plane (given by Equation 4.4) is proportional to damping. This implies that
increasing the damping can be interpreted as either moving the pole-line farther away
from the frequency axis or shifting the frequency axis downwards while the pole-line
remains fixed (see Figure 4-15). Therefore, de-reverberation can be accomplished by
damping the allpass component (equivalent to shifting the frequency axis downwards)
to such an extend that all the nonminimum-phase zeros are drawn above the frequency
axis. The purpose of damping is to convert all the nonminimum-phase zeros to
minimum-phase zeros. Since the allpass component has an equal number of poles
and nonminimum-phase zeros (each nonminimum-phase zero having a corresponding
pole above the frequency axis), the damped allpass component will have a combined
phase due to the zeros at infinity only. This is because the damped allpass component
has an equal number of poles and minimum-phase zeros, so that each minimum-phase
zero will cancel the phase of its corresponding pole leaving only the zeros at infinity
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Figure 4-15: Effect of damping the allpass component as seen in the complex fre-
quency plane (shifting frequency axis is shown instead of shifting pole-line).
which are due to propagation delay and are not affected by damping.
With the reverberation phase contributions removed by damping both the impulse
response function and the vibration response, the mean group delays of the transfer
function and the mean group delay of the vibration response respectively given by
Equation 4.35 and Equation 4.36 reduce to
ThdamP = Thdr (4.39)Adamp hdir
Trdamp = dir (4.40)
Substituting Equation 4.37 into Equation 4.40 gives
T-damp = di + i•, (4.41)
Substituting Equations 4.39 and 4.41 into Equation 4.31 shows that the predicted
linear phase of the input force after removing the reverberant phase contributions will
give the correct average impact time.
XThe timing of the impact (force is given by the difference between the (4.42)
The timing of the impact force is given by the difference between the
mean group delays of the "damped" allpass components of the vibration
response and the impulse response function i.e.
T = Yapdamped apdamped (4.43)
4.3.2 Damped allpass components
Damped Impulse response: The damped allpass component of the impulse is
given by
h e-athap(t) for t > 0
hapdamp(t)
0 for t < 0
where the decay rate a is adjusted such that all the nonminimum-phase zeros are
converted to minimum-phase zeros. To select the damping constant a, a plot of th
versus a was constructed as shown in Figure 4-16. The plot shows several regions
Variation of Mean Group Delay of Transfer Function with damping constant
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Figure 4-16: Variation of mean group delay of the damped impulse response function,
th with damping constant a.
where 'h is stable, and the phase plots corresponding to the various stable regions are
shown in Figures 4-17 and 4-18. Figure 4-17 shows the unwrapped phase whereas
Figure 4-18 shows the unwrapped phase minus the linear phase corresponding to
an integer lag so that the minimum and nonminimum phase zeros can be easily
identified. The damping constants on these plots correspond to the mean values of a
in the various stable regions shown in Figure 4-16.
From these phase plots, the first stable region illustrated (SR I) has nonminimum-
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Figure 4-17: Unwrapped phase of the damped impulse
various stable regions of the damping constant a.
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Figure 4-18: Unwrapped phase minus linear phase corresponding to an integer lag for
the various stable regions of the damping constant a.
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phase zeros at about 3.5 kHz and 5.5 kHz. In the second stable region (SR II) the
nonminimum-phase zero at 5.5 kHz is still present whereas the third stable region
(SR III) has no nonminimum-phase zero. In the fourth stable region (SR IV), there
are no nonminimum-phase zeros but the damping is excessive. Stable region III
was selected and the mean value of a in that region is 0.135. Figure 4-19 shows the
allpass component of the impulse response of the system, hap(t) and the corresponding
unwrapped phase of the undamped and damped allpass component using the selected
damping constant.
AIIpass component of impulse response
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Figure 4-19: Allpass component of impulse response and the corresponding un-
wrapped phase of damped and undamped components.
Damped Vibration response: The damped allpass component of the vibration
response is given by:
YapIdamp e-a(t-to)yap(t) for t >_ to (4.44)YaPdam•p ( t) =(.4
0 for t < to
where the same a is used. The exponential window is shifted in time by an amount
to < !;, which is chosen based on a good estimate of the general time at which
impact is expected to occur. Such a good estimate can be gotten from the results of
the simulation presented in chapter 2.
.1 ................
*-. .. .......... ................... ..
Figure 4-20 shows the signal processing steps involved in timing recovery using
the allpass components of impulse and vibration responses. It must be noted that the
procedure is valid only if the vibration response due to the impact source is known
i.e. procedure is valid only for high SNR signals. However, the crankcase vibration is
a low SNR signal and the statistical approach discussed in the next subsection must
be used in recovering the impact timing information.
ap
TX
H(P)
ap
Figure 4-20: Timing Recovery using the allpass components of the impulse and vi-
bration responses. (source: [26])
4.3.3 Impact Time Recovery in Noisy Environment
The crankcase vibration contains components due to other sources that we consider
as noise. In the timing recovery procedure described above, the allpass component
of the vibration response is damped electronically using an exponential window. The
location of the exponential window is very crucial because damping of the wrong
portion of the vibration data will result in noise amplification which will lead to
useless results. Simulation results will provide good estimates for the location of the
damping window to but noise amplification is also possible because typical simulation
estimates were in error by about +0.5 ms (see Table 2.2). To minimize the error in
timing recovery, a statistical procedure is employed.
To accurately recover the timing of impact, the exponential window (defined by
Equation 4.44) must be applied over a range tmin 5 to < tmax that includes the time of
impact. The dynamic simulation is very crucial in selecting the range over which the
exponential window is applied. The range should be selected such that the maximum
value tmax is above the simulation prediction by three times the typical error (0.5
ms in our case) and the minimum value tmin is below the simulation prediction by
a similar amount to ensure that the actual impact time was within the range. The
point of application of the exponential window to is defined as
to(s) = E[;x] + sAt (4.45)
where
* E[fx] is the expected value of the impact time and its first estimate is provided
by the simulation.
* s is the shift factor that takes on a range of negative and positive integer values
around zero.
* At is the time step between successive shifts and is given by At = tp -tminN-1
* N is the total number of shifts i.e. s goes from - 1 to -1
The timing of impact was then recovered for each value of s. The goal is to find
the shift factor that will give stability in the recovery from cycle to cycle. A measure
of such stability is the variance (or standard deviation) of the recovered time from
cycle to cycle. The variance of the timing recovered from cycle-to-cycle is given by
Nc
a(s) = [to(s, N,) - o(s, No)] 2  (4.46)
i=1
100
where the mean value 1o(s, N,) is an average over the number of machine cycles N,.
The timing was recovered on a cycle-to-cycle basis for each shift factor. Figure 4-21 is
a surface plot showing the recovered timing as a function of both the shift factor and
machine cycle for a radial bearing clearance of 3 mils. It shows the variation of the
Surface plot of recovered timing for 3 mils radial bearing clearance
-2UMachine Cycle Shift Factor
Figure 4-21: Surface plot of recovered timing as a function of shift factor and machine
cycle for a radial bearing clearance of 3 mils.
recovered timing from cycle-to-cycle for each value of the shift factor s. The spikes
correspond to the regions where the time recovery process is highly unstable and
the troughs correspond to the regions where the time recovery process is stable. To
locate the stability regions, the variance of the recovered timing from cycle-to-cycle
was plotted against the shift factor s and the plot fitted with a polynomial function.
Figure 4-22 shows such a plot (variance a versus shift factor s) and the 10th order
polynomial used to fit the data for the case when the radial bearing clearance was 3
mils.
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Figure 4-22: Plot of variance of recovered timing from cycle-to-cycle versus shift factor
for 3 mils radial bearing clearance.
The recovered timing corresponding to the shift factor with the lowest variance
(or standard deviation) will therefore locate the most accurate bearing impact time.
Figure 4-23 shows the signal processing steps required for timing recovery in a noisy
environment (i.e. low SNR data). Figure 4-24 shows a comparison between the actual
Figure 4-23: Timing Recovery in Noisy Environment. (This has been adapted from
the statistical process described in [26]).
and recovered impact timing when the compressor was operating with a radial bearing
clearance of 2 mils, and Figure 4-25 shows a similar comparison for a 3 mils radial
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Figure 4-24: Comparison of actual and recovered impact timing for 88 cycles of
compressor operation for a radial bearing clearance of 2 mils.
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Figure 4-25: Comparison of actual and recovered impact timing for 88 cycles of
compressor operation for a radial bearing clearance of 3 mils.
4.4 Bearing Impact Strength Recovery
Because bearing impacts are not the major source of crankcase vibration, the compo-
nent of crankcase vibration due to bearing impacts (crankcase vibration coherent with
bearing impacts) is required for bearing impact strength recovery. As was discussed
in chapter 3, the crankcase vibration coherent with bearing impacts is obtained by
using the tuned coherence function to weight the short-time Fourier transform of the
crankcase vibration. The recovered bearing impact timing is necessary for locating
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the portion of crankcase vibration to be windowed for analysis. Figure 4-26 shows
the coherent crankcase vibration for a typical cycle of the compressor operation when
the radial bearing clearance was 3 mils, obtained as described in chapter 3, using
the timing information recovered in the previous section. The plot shows the portion
of the crankcase vibration around the dominant impact that was windowed and the
corresponding coherent vibration.
Portion of Crankcase Vibration around impact (3 mils radial clearance)
4 I I
2
01
-:o
0 10 20 30 40 50 60
0 10 20 30 40 50 60
Time [ms]
Corresponding Coherent Vibration used for Impact Strength Recovery
0 10 20 30 4. 50 60 ....................
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Time [ms]
Figure 4-26: Portion of crankcase vibration around the dominant impact and its
corresponding component due bearing impacts (used for strength recovery) for 3 mils
radial bearing clearance. TDC = 0, BDC = 33.6 ms, Period = 67.2 ms.
The strength of the impact can be recovered using only the minimum-phase com-
ponents of the transfer function and vibration response because a single impact
by itself (with the exception of pure delay) is minimum-phase. To make the im-
pact strength recovery process robust to transfer function variability, the cepstrally-
smoothed minimum-phase components of the transfer function and coherent crankcase
vibration data are used. From Equation 4.1, the minimum-phase component of the
bearing impact is thus given by
Xmin() = YCminlow() (4.47)
Hminiow (w)
Taking the inverse Fourier transform of Xmin will give the minimum-phase component
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of the impact which will have the correct strength of the impact but the wrong timing.
The recovered impact force is then obtained by shifting the minimum-phase impulse
to the position of the recovered timing. Figure 4-27 shows the recovered dominant
impact force at the connecting rod big-end bearing for a typical cycle of operation of
the compressor when the radial bearing clearance was 3 mils.
Recovered Impact Force for a typical cycle (3 mile radial clearance)
0 10 20 30 40 50 o60
Time [me]
Figure 4-27: Recovered Diagnostic Signature (dominant bearing impact) for a typical
cycle of operation of the compressor when the radial bearing clearance was 3 mils.
TDC = 0, BDC = 33.6 ms, Period = 67.2 ms.
Figure 4-28 shows a comparison between the actual and recovered impact when
the radial bearing clearance was 2 mils, and Figure 4-29 shows the result of a similar
comparison for 3 mils radial bearing clearance. A summary of the diagnostic signature
recovery procedure described in this thesis is shown in Figure 4-30.
Actual and Recovered Force for 2 mils radial bearlna clearance
Cycle
Figure 4-28: Comparison of actual and recovered impact force for 88 cycles of com-
pressor operation for a radial bearing clearance of 2 mils.
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Figure 4-29: Comparison of actual and recovered impact force for 88 cycles of com-
pressor operation for a radial bearing clearance of 3 mils.
4.5 Results
The actual impact strength was estimated from the connecting rod vibration and
transfer function measurements 1, and the actual impact timing was chosen as the
time corresponding to the peak of the connecting rod vibration transients. From
the results obtained, the bearing impacts do not occur at the same time from cycle-
to-cycle and the impact strength varies from cycle-to-cycle. The variability in the
diagnostic signals are best presented by using a distribution. To graphically assess
whether the diagnostic signals could come from a normal distribution, the results were
displayed on a normal probability plot. The normal probability plot will be linear if
the distribution of the diagnostic signals is normal. Other distribution types will in-
troduce curvature. Figures 4-31 and 4-32 show the histogram and normal probability
plots of the actual and recovered impact timing for radial bearing clearances of 2 mils
and 3 mils respectively. Similarly, Figures 4-33 and 4-34 show the histogram and
normal probability plots of the actual and recovered impact force for radial bearing
clearances of 2 mils and 3 mils respectively.
The relatively small deviation from linearity of the normal probability plots im-
ply that the diagnostic signals can be assumed to be distributed normally i.e. the
variations of the diagnostic signals can be assumed to follow the Gaussian distribu-
1 Connecting rod transfer function measurements are shown in Appendix B.
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Figure 4-30: Summary of diagnostic signature recovery procedure.
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Figure 4-32: Histogram and Normal Probability plots of the actual and recovered
impact timing for a radial bearing clearance of 3 mils.
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tion. The properties of the distribution of the diagnostic signals assuming a Gaussian
distribution are summarized in Table 4.1. The results show that the timing recovery
was more accurate than the strength recovery. This can be explained by the fact that
the simulation provided good estimates to for the impact time. The strengths were
off but the trend was accurately recovered. For example the ratio of the dominant
impact force for 2 mils and 3 mils radial bearing clearances was roughly 1:3 for both
the actual estimates and the recovered impact strengths.
RADIAL BEARING 2 mils 3 mils
CLEARANCE (1 mil in excess) (2 mils in excess)
Mean Value it of Actual 10.80 6.70
Bearing Impact Time (ms) Recovered 10.73 6.66
Standard Deviation at Actual 0.25 0.06
of Bearing Impact Time (ms) Recovered 0.07 0.08
Mean Value PF of Actual 239.91 760.4
Bearing Impact Force (N) Recovered 202.64 622.25
Standard Deviation UF Actual 11.21 33.80
of Bearing Impact Force (N) Recovered 60.67 62.89
Table 4.1: Table summarizing the properties of the distribution of the diagnostic
signals. Time t = 0 corresponds to top dead center position (TDC).
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Chapter 5
Conclusion
So far to this point, we have used the vibration measurement on the crankshaft
casing to determine the diagnostic signals (the timing and strength of the dominant
impact). The next stage is the decision making stage. Specifically, how to use the
diagnostic signals obtained in determining whether the bearing clearance is excessive
and if possible, the size of the clearance. In this concluding chapter, we construct
the truth table for excessive bearing clearance diagnostics, present one approach for
diagnostic system decision-making followed by a summary of the research work done,
and conclusions drawn from results obtained in this thesis. We end the chapter with
some recommendations for future research work.
5.1 Truth Table
A truth table is a table summarizing the variation between faults and diagnostic
signals. It is an integral part of a diagnostic system. The rows correspond to the
type of faults (in our case, we have only one fault) and the columns correspond to the
diagnotic signals (in our case, we have two diagnostic signals). Table 5.1 shows the
truth table for diagnosing excessive bearing clearance. To construct the truth table,
we used the conclusion drawn from this study: as the bearing clearance increases, the
dominant impacts become stronger and occur earlier. At corresponds to the timing
of the dominant impact of the "faulty" machine with respect to the timing of the
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dominant impact of the "good" machine. At will be checked positive (+) if the time
of occurrence of the dominant impact for the faulty machine is retarded (i.e. occurs at
a later time) with respect to the timing of the dominant impact of the good machine,
and negative (-) if the timing is advanced (i.e. occurs at an earlier time). AF will
be checked (+) if the strength of the dominant impact force of the faulty machine is
stronger than the strength of the dominant impact force of the good machine, and
negative (-) if the strength is weaker. Because the dominant impacts are stronger
and occur earlier for large clearances, the connecting rod big-end bearing clearance
will be declared excessive when there are sufficient checks corresponding to stronger
impacts (i.e. AF = +) and advanced timing (i.e. At = -).
Key to Symbols
At AF
+ retarded timing stronger impact
- advanced timing weaker impact
Timing of Strength of
FAULT Dominant Impact Dominant Impact
, At AF
Excessive
Bearing - +
Clearance
Table 5.1: Truth Table for excessive bearing clearance diagnostics.
5.2 Diagnostic System Decision-Making
The determination of diagnostic signals is only part of the diagnostics process. We
must now determine whether the bearing clearance is excessive, and if possible the size
of the clearance. Decisions on the detection and classification of bearing clearance are
based on a comparison between the variations of the diagnostic signals in a machine
operating with "good" bearings (bearings having the nominal clearance) with those
associated with a machine opera:.ig witlh "bad" bearings (bearings being 5esed for
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faults). Using the recovered diagnostic signals, a decision has to be made first on
whether the clearance in the connecting rod bearing of the machine is excessive or
not. The diagnostic system decision-making is made up of two levels: the classifier,
and the comparator.
Classifier: In this stage the diagnostic signals recovered from the machine being
investigated are classified. The timing is classified as either advanced, normal, or
retarded, and the impact strength is classified as either low, normal, or high. Often
incorporated in the classifier is the maximum likelihood procedure based on Bayes'
estimation theory. The maximum likelihood procedure considers distributions of the
system output, depending on whether it is a normal or failure mode, and then assigns
the output to one category or the other. The assignments of the output to one
category or the other is weighted by both the likelihood of its being in that category
and the cost of possible errors. Two types of error are possible: Type I error and Type
II error. Type I error occurs if the bearing clearance is nominal, but it is declared
excessive; and Type II error occurs if the bearing clearance is excessive, but it is
declared nominal. A Type I error or false alarm will lead to a needless interruption of
the production process, whereas a Type II error could lead to a catastrophic failure
of the reciprocating compressor.
Because there are two diagnostic signals (timing and strength of dominant impact),
the fault decision system for diagnosing excessive bearing clearance is 2-dimensional.
Figure 5-1 shows the probability densities for "good" and "bad" machines in terms of a
single diagnostic signal with the decision level set at Xd. The distribution produced by
a machine with nominal bearing clearance is represented by p(x is) (this distribution is
part of the data base), and the distribution of the machine to be tested is represented
by p(x f). The probability of a Type I error P, is the area of p(xls) in the region
x > Xd, and the probability of a Type II error PI1 is the area of p(xs f) in the region
z < Xd
The decision level Zd is selected in such a way that the expected cost of both type
I and type II errors are equal. If K, is the cost of a type I error and Kzi i. the cost
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Figure 5-1: Probability densities of "good" and "bad" machines in terms of the
diagnostic signal. (source: [21])
of a type II error, then the decision level is selected such that
PIK, = P;Kz
Comparator: In the comparator stage, the classifications of the diagnostic signals
from the classifier are compared with the truth table (which is part of the database)
and the bearing clearance is declared excessive if sufficient checks are obtained.
Bearing Clearance for Failure: The determination of the critical values of the
bearing clearance for failure of the connecting rod is outside the scope of this thesis.
Such values have to be known by the operating engineer so that he or she will know
when to shut down the machine in order to prevent catastrophic failure. For exam-
ple, the recommended radial bearing clearance from the manufacturers' Maintenance
Manual [41] for replacing the bushings is 5 mils (10 mils diametral clearance). De-
termination of the value of the bearing clearance will require a correlation between
the diagnostic signals and the bearing clearance. Such correlation relationships are
usually based on empirical studies and require the diagnostic signals for a large num-
ber of clearances. Since we studied only three cases in this thesis, we can accurately
predict the trend and detect whether the bearing clearance is excessive or not, but
cannot predict the actual size of the bearing clearance.
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5.3 Overview of Research Work
Vibration diagnostics methodologies are based on the fact that faults or processes
in machines such as impacts, combustion, flow and mechanism action produce dy-
namic forces. These dynamic forces inturn produce vibration locally or in connected
structures or in the surrounding medium. Finally, the response produces a useful
signal such as line spectra or transients which can be picked up on the surface of the
machine. Non-invasive diagnostics is to use the signals on the surface of the machine
to determine the progress of the fault.
The objective of this thesis was to develop a non-invasive method based on vi-
bration measurements for diagnosing excessive bearing clearance in a reciprocating
machinery. Our testbed was a 40 Horse Power Ingersoll-Rand, two-stage air-cooled
reciprocating compressor, and three different bearing clearance were investigated: ra-
dial bearing clearance of 1 mil (which was the nominal value), 2 mils, and 3 mils.
The diagnostic signals were the timing and strength of the dominant impact in the
bearings. A dynamic simulation to predict these diagnostic signals was presented.
The diagnostic signals were recovered for all three different bearing clearances, and
the distributions of the diagnostic signals were determined. A truth table which can
be used for diagnostic system decision-making was constructed based on the results
of the behavior of the diagnostic signals with changes in bearing clearance. The
diagnostic methodology can be summed up in the following chronological steps:
* measure the vibration of the crankcase for several cycles of machine operation
and the corresponding signal from an encoder attached to the crankshaft
* estimate the "typical" time of occurrence of bearing impact from the nominal
bearing clearance using the dynamic simulation presented in chapter 2
* estimate the damping constant from the "typical" structural transfer function
* recover the timing of bearing impact on a cycle-to-cycle basis
* recover the strength of bearing impact on a cycle-to-cycle basis
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* determine the distributions of the diagnostic signals
* make decision on bearing condition based on the truth table and diagnostic
signals of a good machine.
Figure 5-2 shows an overview of a non-invasive vibration-based diagnostic system.
The inputs to the system are the crankcase vibration and crankshaft encoder signals,
and the output is a decision to either shutdown the machine and change the bearings
or to keep the machine running. The database contains information such as the "typ-
ical" structural transfer function, "typical" tuned coherence function, and nominal
bearing clearance, which are needed for the diagnostic signals recovery stage; and the
truth table and distribution of the diagnostic signals for a "good" machine, which are
needed for the decision-making stage.
Database Information: If the diagnostic methodology presented in this thesis is to
be incorporated in an industrial setting, the information stored in the database can be
obtained as follows. Before the machine is operated, the "typical" structural transfer
function can be obtained by temporarily attaching a small picomin accelerometer
on the connecting rod big-end bearing surface and exciting the compressor on the
crankcase. The "typical" tuned coherence function can be obtained by using the
pulse generated by the encoder signal and the resulting crankcase vibration. Table 5.1
gives the truth table, and the nominal value of the bearing clearance can be easily
measured if it is not already supplied by the manufacturer. Finally, the distribution of
the diagnostic signals for a good machine can be obtained by applying the diagnostic
procedure presented in this thesis.
5.4 Conclusions
The conclusions reached from this research are as follows:
* The strength and timing of the dominant impacts in the connecting rod bear-
ings provide useful information about the state of the clearance in the bearings.
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Figure 5-2: Overview of a non-invasive vibration-based diagnostic system.
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Trends of the variation of these diagnostic signals with changes in bearing clear-
ance can be accurately predicted by the diagnostic methodology presented in
this thesis. Therefore, our methodology can be used for deciding whether the
bearing clearance is excessive or not.
* Bearing impacts are not the main source of vibration in the reciprocating com-
pressor. Other sources such as valve impacts and piston slap cause vibrations
that make the vibrations due to connecting rod big-end bearings difficult to
determine.
* From the tuned coherence function obtained for different bearing clearances, it
can be concluded that bearing impacts are dominant in the frequency range from
1 kHz - 3 kHz and over a time range of about 5 ms around the dominant impact.
This basic characteristic of the "Tuned" coherence function was independent of
the bearing clearance and thus can be considered as a characteristic property
for bearing impacts.
* In one compression cycle, no impacts occured when the bearing clearance was
nominal but two impacts occurred when the bearing clearance became excessive.
From the "tuned" coherence functions between the various impacts and the
crankcase vibration, it can be concluded that the dominant impact contains
most of the energy from bearing impacts.
* As the bearing clearance increases, the dominant impacts get stronger and occur
earlier in the compression cycle.
5.5 Recommendations
In determining the diagnostic signals using the dynamic simulation presented in chap-
ter 2, the compliances used were based on initial estimates using the Hertzian theory.
But the initial estimates were later tuned so that the predicted timing and strength
of impacts were reasonably close to the mean of the actual values. In an indus-
trial setting, such a practice is not possible because we are not going to have access
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to the actual values of the diagnostic signals. Experimental measurements of these
compliances will be highly recommended.
The variability of bearing impact timing and strength should be incorporated into
the dynamic simulation so that the predictions can better represent the actual timing
and strength. This is very important because the dynamic simulation is an integral
part of the diagnostic system with the initial estimates from the simulation being used
to select the portion of the crankcase vibration to be windowed out for the recovery
of diagnostic signals.
Since the vibration-based diagnostic methodology presented in this thesis accu-
rately predicts the trends of the diagnostic signals as the bearing clearance changes,
it will be highly recommended that base values of the diagnostic signals for the case
when the machine is operating with nominal clearance be determined for any machine
before applying this methodology.
A clearance-impact magnitude relationship for plain bearings in oscillatory sys-
tems was developed by Earles and Wu [13]. A similar study to determine the corre-
lation between connecting rod big-end bearing clearance and the diagnostic signals
is highly recommended. With such a relationship, not only will we be able to decide
whether the bearing clearance is excessive or not, but we will also be able to predict
the size of the clearance. This will be very useful for prognostics.
There is a nominally identical reciprocating air compressor in the Mechanical
Engineering workshop. To test the reliability and robustness of our diagnostic pro-
cedure, it will be recommended that the methodology described in this thesis be
applied to such a nominally identical machine. A statistical study showing the per-
formance of the diagnostic methodology presented in this thesis on the nominally
identical machine in the Mechanical Engineering Workshop and others will also be
highly recommended.
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Appendix A
List of Required Equipment for
the Experiment
Name Manufacturer Model Serial No. (SN) Sensitivity
Optical Encoder BEI XH25D-SS-2000- Q0004305 1 ppr
8830-LED-SM18
DC Power Supply HP 625A 2450A-08440
Accelerometer B & K Type 4384 1614016 9.88 pC/g
Accelerometer B & K Type 4384 1614017 9.87 pC/g
Accelerometer B & K Type 4384 1614018 9.77 pC/g
Accelerometer PCB 309 A 4925 5.90 mV/g
Pressure Transducer Kistler Type 601B1 52637 -1.151 pC/psi
Charge Amplifier Kistler Dual Mode C35606
Charge Amplifier Kistler Dual Mode C35825
Charge Amplifier Kistler Dual Mode C35828
Charge Amplifier Kistler Dual Mode C37222
Charge Amplifier Kistler Dual Mode C37259
Cables Kistler 1631Csp
Data Recorder TEAC XR-5000
Video Cassette Maxell MXT120BQ
Anti-Aliasing Filters Frequency 9016
Devices
A/D Converter Concurrent LWB
Silicone I
Table A.1: Required Instrumentation and supplies for the experiment.
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Appendix B
Estimation of Bearing Impacts
CTING ROD
L.L END
CONNECTING ROD
BIG END
Figure B-1: Connecting rod showing the locations of accelerometers.
Two accelerometers were mounted on the big-end of the connecting rod, each at 22.50
from either side of the connecting rod axis as shown in Figure B-1. The vibration of
the connecting rod at the big-end was measured because we needed a good estimate of
the bearing impacts for validating our diagnostic technique, and the bearing impact
121
forces were not directly accessible. The big-end is the closest we could get to the source
(bearing impacts), and the connecting rod vibrations can be used in conjunction with
transfer function measurements made on a nominally identical connecting rod to
estimate the force.
The structural path between the source (bearing impacts) and the observation
locations (points A and B) on the connecting rod can be modeled as the single-
input/multiple-output system shown below in Figure B-2.
- YA (t)
Sy3 (t)
Figure B-2: Model representing vibration transmission path of connecting rod big-
end.
* x(t) is the bearing impact force
* YA is the vibration of the connecting rod big-end at A
* YB is the vibration of the connecting rod big-end at B
The relation between the bearing impact, x(t) and the connecting rod vibration at
A, yA(t) is given by
YA(w) = HA(w) X(w) (B.1)
where HA(W) is the structural transfer function between the bearing impact force,
x(t) and the connecting rod vibration at A, yA(t).
Similarly, the relation between the bearing impact, x(t) and the connecting rod
vibration at B, yB(t) is given by
YB(w) = HB(w) - X(w) (B.2)
where HB (w) is the structural transfer function between the bearing impact force,
x(t) and the connecting rod vibration at B, yB(t).
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CONNECTING
ROD BIG-END
x (t) go
B.1 Transfer Function Measurements
The transfer functions of interest are HA(w) and HB (w). Because the location of
bearing impacts vary with clearance, transfer functions were measured at 16 different
locations (01-16 in Figure B-1) on the bearing surface. Generally, the transfer function
between point i on the bearing surface and point A on the big-end of the connecting
rod is given by
H(i,A) (W) =
and the transfer function between point i on
big-end of the connecting rod is given by
H(i,B) (w) =
YA(w) (B.3)
the bearing surface and point B on the
YB(w)
Xi(w)
(B.4)
where X,(w) is the Fourier transform of the impact force on the bearing surface at
point i, YA(w) and YB(w) are respectively the Fourier transforms of the resulting
vibration response at points A and B on the big-end of the connecting rod. Figure B-
3 shows the experimental setup and data acquisition system used in measuring the
transfer functions, and Table B.1 shows a list of the required instrumentation.
Name Manufacturer Model Serial No. (SN) Sensitivity
Impulse Force Hammer PCB 086B01 3918 11.3 mV/N
with Aluminum Tip Piezotronics
Accelerometer B&K Type 4384 1614016 9.88 pC/g
Accelerometer B&K Type 4384 1614017 9.87 pC/g
Charge Amplifier Kistler Dual Mode C35606
Charge Amplifier Kistler Dual Mode C35825
Charge Amplifier Kistler Dual Mode C35828
FFT Analyzer Wavepak
486 PC
Table B.A: Required Instrumentation for measuring connecting rod transfer functions.
123
Figure B-3: Experimental setup and data acquisition system for measuring the trans-
fer functions of the connecting rod big-end.
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Procedure: A typical experimental procedure for measuring the transfer function
between point 01 on the bearing surface and point A on the connecting rod big-end
was as follows: The connecting rod was suspended on the small-end by elastic chords.
An impact hammer was then used to excite the connecting rod at location 01 and
the resulting acceleration measured at observation points A and B. Figure B-4 shows
the impact hammer force applied at point 01 on the bearing surface and the resulting
vibration measurement at point A.
Impact Hammer Force applied at Point 01
200
150
100
50
o50
100
500
-500
.1 00%^
K ..
0 10 20 30 40 50 60 70 80 90 100
Time [ms]
Acceleration at Point A
0 2 30 4 5 0 7 8 9
.....-. ... . .......... .......... ...... ...
0 10 20 30 40 50 60 70 80 90 100
Time [ms]
Figure B-4: Impact hammer force at point 01 on the bearing surface and the resulting
vibration at point A on the connecting rod big-end.
The transfer function between point 01 on the bearing surface and point A on the
connecting rod big-end follows from Equation B.3 and is given by
H(01,A) (w) = YA ()(B.5)
X01(w) (B.5)
To estimate the amount of random error in the transfer function measurement, the
coherence was computed. The coherence is equal to one for a perfectly noise-free,
linear, time-invariant system. The coherence ,2Xy21A (w) between the force at point
01 and the vibration response at point A is given by
2 I S( 01Y (w) S1A 2 (B.6)
1IA S1) Xoo (W) SSAvA)
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I
where
* SX01YA (w) is the cross-spectral density between the hammer force at point 01 on
the bearing surface and the resulting acceleration at point A on the big-end of
the connecting rod.
* SXoIXo0 (w) is the auto-spectral density of the hammer force at point 01.
* SYAYA (w) is the auto-spectral density of the acceleration at point A.
Figure B-5 shows the magnitude, phase, and coherence obtained for the transfer
function between the force at point 01 and the response at point A.
a, 40
,60
20
Transfer Function Magnitude (01,A)
...... ...
0 1 2 3 4 5 6 7
Frequency [KHz]
Transfer Function Unwrapped Phase (01,A)
0
(1-2
0 1 2 3 4 5
Frequency [KHz]
Coherence Function (01,A)1I
0.8
~ 0.6
o
4•
6 7 8
0 1 2 3 4 5 6 7 8
Frequency [KHz]
Figure B-5: Magnitude, Phase, and Coherence of transfer function between location
01 on the bearing surface and point A on the connecting rod big-end.
Results: The above procedure was repeated for all 16 locations on the bearing
surface. Figures B-14 - B-21 at the end of this appendix show the magnitude and
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phase of the transfer functions H(i,A) (w), and Figures B-22 - B-29 also at the end of
this appendix show the magnitude and phase of the transfer functions H(i,B)(w).
B.2 Estimates of Diagnostic Signals
Figure B-6 shows two cycles of the connecting rod big-end vibration at points A
and B when the radial bearing clearance was 2 mils. The vibration at A and B
are out of phase by 450 which corresponds to 8.4 ms (Period = 67.2 ms). The
sinusoidal component is the centripetal acceleration due to the rotating crank arm.
The minima of the connecting rod big-end vibration at points A and B are respectively
4.2 ms (22.50) ahead and behind the top dead center (TDC) position. The centripetal
Connecting Rod Vibration at Point A (2 mils radial clearance)
20 40 60
Time [ms]
Connecting Rod Vibration at Point B
80 100
(2 mils radial clearance)
. ............. ........ .. ........% .............. ...........
. ............ ................. .... ...... .... . .L W tO .............................* .......... ...... . ...
. .... ........................... ..
0 20 40 60 so 100 10o
Time [ms]
Figure B-6: Two cycles of connecting rod vibration at points A and B for
bearing clearance of 2 mils. TDC = 0, BDC = 33.6 ms, Period = 67.2 ms.
acceleration at any location on the big-end of the connecting rod is given by
Acrankarm = -w 2Rcos(wt + k)
a radial
(B.7)
where w is the rotation speed, R is the length of the crank arm, q is the angular
position of the point of interest on the big-end of the connecting rod with respect to
the connecting rod axis.
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The centripetal component of acceleration at point A (given by Equation B.7
with q = A = +22.50 = 0.3927 radians) was subtracted from the connecting rod
vibration at point A, and the centripetal component of acceleration at point B (given
by Equation B.7 with = B = -22.5' = -0.3927 radians) was also subtracted
from the connecting rod vibration at point B to obtain the vibration at points A and
B respectively due to bearing impacts shown in Figure B-7. They clearly show the
transients of short duration produced by the impacts in the bearings.
Vibration at Point A due to impacts (2 mils radial clearance)
40
S20
S0
A-20
0 20 40 60 80 100 120
Time [ms]
Vibration at Point B due to impacts (2 mils radial clearance)
40
J 20
0
40
-O 20 40 60 80 100 120
Time [ms]
Figure B-7: Two cycles of connecting rod vibration at points A and B due to bearing
impacts for a radial bearing clearance of 2 mils. TDC = 0, BDC = 33.6 ms, Period
= 67.2 ms.
Time of Impact: The time of occurrence of bearing impact was taken to be that
corresponding to the peak of the transients (shown in Figures B-6 and B-7) gener-
ated by the impacts. This is because the accelerometers were located very close to
the source of bearing impacts. Figures B-8 and B-9 show the estimated time for the
occurrence of the first and second impacts respectively when the radial bearing clear-
ance was 2 mils using the connecting rod vibration at points A and B. The average
between the estimates from the vibration at points A and B was taken to represent
the actual time of bearing impact from cycle-to-cycle.
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Figure B-8: Estimates of time for the first bearing impact from cycle-to-cycle using
vibration at points A and B for 2 mils radial bearing clearance. Their mean was taken
to represent the actual time of occurrence of the first impact.
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Estimates of Time for Second Impact (2 mils radial clearance)
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....... ............... .
10 20 30 40 50 60 70 80 90
Cycle Number
Mean of Estimates (2 mils radial clearance)
0 10 20 30 40 50
Cycle Number 60 70 80 90
Figure B-9: Estimates of time for the second bearing impact from cycle-to-cycle using
vibration at points A and B for 2 mils radial bearing clearance. Their mean was taken
to represent the actual time of occurrence of the second impact.
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Strength of the dominant impact The signal-to-noise ratio (SNR) for the con-
necting rod vibration due to impacts in the bearings is very high because the ob-
servation points were very close to the source. The strengths of the impacts were
obtained by windowing the portion of connecting rod vibration around the impacts
and applying the strength recovery process discussed in Chapter 4 section 4.4. Us-
ing the connecting rod transfer functions H(i,A) (w) and the corresponding windowed
vibration data yA(t), the minimum-phase component of the bearing force is given by
Xmin(w) = H-1 (i,A)mino(W) YAminlow(W) (B.8)
Similarly, the strength of the impacts can also be obtained by using the connecting
rod transfer functions H(i,B)(w) and the corresponding windowed vibration data YB (t).
The minimum-phase component of the bearing force is similarly given by
Xmin(W) = H-1 (i,B)min(ow() Y •minow,(w) (B.9)
The strength recovery process was repeated using the transfer functions at dif-
ferent locations H(i,A) (w) and H(j,B) (w). The estimated minimum-phase signals were
then moved to the position of the cycle corresponding to the estimated time of im-
pacts. Figures B-10 and B-11 respectively show typical estimates of the first and
second bearing impacts for two cycles of compressor operation when the radial bear-
ing clearance was 2 mils. The first estimate was obtained from the connecting rod
big-end vibration at point A and the transfer function H(01,A) (w), and the second
estimate was obtained from the connecting rod big-end vibration at point B and the
transfer function H(01,B)(w).
Figures B-12 and B-13 summarize the estimated strength of the first and second
bearing impacts respectively when the radial bearing clearance was 2 mils using the
connecting rod vibration at points A and B. The average between the estimates was
taken to represent the actual strength of the bearing impact from cycle-to-cycle.
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First impact Force estimated from Vib. at A and TF(01,A) for 2 mile radial clearance
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First impact Force estimated from Vib. at B and TF(01,B) for 2 mile radial clearance
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Figure B-10: Estimates of the first bearing impact for
eration using the connecting rod vibration at points A
radial bearing clearance was 2 mils.
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two cycles of compressor op-
and B respectively when the
Second Impact Force estimated from Vib. at A and TF(01,A) for 2 mils radial clearance
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Figure B-11: Estimates of the second bearing impact for two cycles of compressor
operation using the connecting rod vibration at points A and B respectively when
the radial bearing clearance was 2 mils.
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Figure B-12: Estimates of the first bearing impact strength from cycle-to-cycle using
vibration at points A and B for a radial bearing clearance of 2 mils. Their mean was
taken to represent the actual strength of the first impact.
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Figure B-13: Estimates of the second bearing impact strength from cycle-to-cycle
using vibration at points A and B for a radial bearing clearance of 2 mils. Their
mean was taken to represent the actual strength of the second impact.
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Figure B-14: Magnitude and Phase of transfer function between point 01 on the
bearing surface and point A on the big-end.
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Figure B-15: Magnitude and Phase of transfer function between point 03 on the
bearing surface and point A on the big-end.
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Figure B-17: Magnitude and Phase of transfer function between point 07 on the
bearing surface and point A on the big-end.
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Figure B-18: Magnitude and Phase of transfer function between point 09 on the
bearing surface and point A on the big-end.
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Figure B-19: Magnitude and Phase of transfer function between point 11 on the
bearing surface and point A on the big-end.
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Figure B-20: Magnitude and Phase of transfer function between point 13 on the
bearing surface and point A on the big-end.
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Figure B-21: Magnitude and Phase of transfer function between point 15 on the
bearing surface and point A on the big-end.
136
. .. .... ..... ... .... . .. .. .... .. ... . .... ... .. .. .... .. .. ..
.............. .... ...................... ............. ........ ........... ........
............ ......... .......... ........................ ...
............
. . . .. . . . . . ... . . . . . . . . .. ... . . . . . . . . . . . .. . . . . . . . . . . ... . . . . . . . . . . . .. .. .... .. ... . ..... .... -
n
................. .....* .............. ................... .........
....... .. .. .. .. ... . ........ .. .. ..
......... ... ......... ............................ ........
..... . .. .. . .. ........   . ........ . . ...... .. ... .. .. . ... ..... . I
u _ _0 i 2
" 40
:o20
0 
0
0
-2
-4
-6
Transfer Function Magnitude (01,B)
1 2 3 4 5 6
Frequency [KHz]
Transfer Function Unwrapped Phase (01,B)
7 8
0. .... . . . .. . '. .. . .. ..... .. .. .... . .. . . .. .. .. ... .. ... .... .. . .. . .. ... . . . . . . . ...
.. ,.,.;... ;
.- .
-0 1 2 3 4 5 6 7 a
Frequency [KHz]
Figure B-22: Magnitude and Phase of transfer function between point 01 on the
bearing surface and point B on the big-end.
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Figure B-23: Magnitude and Phase of transfer function between point 03 on the
bearing surface and point B on the big-end.
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Figure B-24: Magnitude and Phase of transfer function between point 05 on the
bearing surface and point B on the big-end.
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Figure B-25: Magnitude and Phase of transfer function between point 07 on the
bearing surface and point B on the big-end.
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Figure B-26: Magnitude and Phase of transfer function between point 09 on the
bearing surface and point B on the big-end.
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Figure B-27: Magnitude and Phase of transfer function between point 11 on the
bearing surface and point B on the big-end.
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Figure B-28: Magnitude and Phase of transfer function between point 13 on the
bearing surface and point B on the big-end.
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Figure B-29: Magnitude and Phase of transfer function between point 15 on the
bearing surface and point B on the big-end.
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